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ABSTRACT KEYWORDS
Probiotics are live organisms that, when consumed in sufficient Probiotics; screening
quantities, confer health benefits to the host. There is global interest ~ methods; health benefits;
in probiotics research; many are isolated from diverse niches and safety

identified in numerous ways. The challenge is selecting the precise

range of tests and methods to use. Some tests are argued to be

outdated, biased and/or irrelevant. Screening guidelines exist, but at

times are not strictly followed. In many countries, firm regulations

regarding probiotics declaration and use are nonexistent.

Consequently, some organisms are presented as probiotics without

strong scientific evidence. This review discusses common screening

approaches, their relevance, strengths and weaknesses.

Abbreviations: ADP: Adenosine Diphosphate; ATCC: American Type
Culture Collection; ATP: Adenosine Triphosphate; BSH: Bile Salt
Hydrolase; Caco-2: Cancer coli-2; cFDA-SE: Carboxyfluorescein diacetate
succinimidyl ester; CLSI: Clinical and Laboratory Standards Institute; DNA:
Deoxyribonucleic acid; EPN: Epinephrine; FAO: Food and Agriculture
Organization; FbPA: Fibronectin binding protein A; FDA: Food and Drug
Authority; GIT: Gastrointestinal tract; GRAS: Generally Recognized as Safe;
HEPES : 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HT-29:
Human colon adenocarcinoma cells; HT-29 MTX: Methotrexate treated
human colon adenocarcinoma cells; ICMR-DBT: Indian Council of Medical
Research and Department of Biotechnology; IBS: Irritable Bowel
Syndrome; ICR: Inherited Cataract Rat; LAB: Lactic Acid Bacteria; MFI:
Mean Fluorescence Intensity; MIC: Minimum Inhibitory Concentration;
mMRNA: Messenger Ribonucleic Acid; MRS: de Man Rogosa Sharpe; NCCB:
Netherlands Culture Collection of Bacteria; OD: Optical Density; PBS:
Phosphate Buffered Saline; PGE: Prostaglandin; RBC: Red Blood Cells;
SHIME: Simulator of the Human Intestinal Microbial Ecosystem; SDS-
PAGE: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis; TLC:
Thin-Layer Chromatography; TRAP-6: Thrombin Receptor Activator
Peptide-6; WHO: World Health Organization

Background

Consumers are increasingly becoming aware of the impact of diet on health. The probio-
tics sector is one of the fastest growing sectors of functional foods on the market. The
global probiotics market was valued at USD 32.06 billion in 2013. The market for
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probiotics was later estimated at USD 33.19 billion in 2015 and is projected to reach USD
46.55 billion by 2020 and USD 64.02 billion by 2022.2) The expansion of this market is
likely due to increasing global consumer health awareness driven by the effectiveness of
probiotics in preventing and treating various health conditions and growth of global
functional food industry.*! There is, therefore, a progressive tendency towards the
consumption of functional foods because many people are more concerned about disease
prevention than cure.

The functional food concept describes foods or food ingredients that exhibit beneficial
effects on the health of a consumer beyond their nutritive value.”! Functional foods
include food products containing biologically active components such as probiotics,
antioxidants and fiber that improve health.”®) In most countries, the largest share of
functional foods is held by probiotics.”! For instance, the food and beverage applications
of probiotics in North America are estimated to increase by 50% in 2020.!"]

Attention to the health benefits associated with consumption of probiotic foods began
about a century ago when intriguing observations were made among certain populations;
specifically, it was reported that Bulgarians and the Russians of the Steppes lived longer
than other populations possibly due to consumption of sour milk that contained beneficial
bacteria.® The bacteria in the milk are/were believed to modify the composition of gut
microflora and thus promote health. Tissier® of the Pasteur Institute, isolated
Bifidobacterium (B.) bifidum from the feces of healthy breastfed infants. This bacterium
was missing in the feces of formula-fed infants suffering from diarrhea. Consequently, it
was recommended that B. bifidum be given to infants suffering from diarrhea. This
followed a series of studies!'®'*! on these beneficial bacteria and later established the
contribution of probiotic bacteria to human health.

According to Fuller!"®), ‘probiotic’ is a Greek term meaning ‘for life’ but the definition
has evolved over the years. The evolution has been linked to the increasing interest in the
use of viable bacterial supplements and the progress made in understanding their mechan-
isms of action. Initially, the term defined substances produced by an organism that
stimulated the growth of other organisms. Later, it was used to describe tissue extracts
that stimulated the growth of microorganisms, and animal feed supplements that had a
beneficial effect on the intestinal microflora. Fuller"®! defined probiotics as ‘live microbial
feed supplements which beneficially affect the host animal in improving microbial bal-
ance.’ This definition was later modified by FAO/WHO!"”! to mean ‘live microorganisms
which when administered in adequate amounts confer health benefits on the host.° A key
property for a probiotic microorganism is colonization of the gut once the minimum dose
and timing (period of consumption) is achieved, assuming the consumer is not on
antibiotics. According to Cunha et al.'®), the beneficial effect of a probiotic to its host is
related to its concentration in the intestinal lumen and its value must be at least 10” cfu/g
of fecal content. On the other hand, a probiotic food should have a minimum of 10° cfu/ g
or mL and a total of 10° to 10° probiotic microorganisms should be consumed daily for
the probiotic effect to be transferred to the consumer.””) According to Minelli and
Benini!'”), the usual effective dosage in humans is 10’-10° cfu/mg per day. However,
Sanders®”! states that the adequate amounts of probiotics should be based on efficacious
levels in human studies because one dose level cannot be assumed effective for all strains.
For instance, the efficacy of B. infantis 35264 is 10° cfu/day™"), for VSL#3 (a combination
of freeze-dried lactic acid bacteria and Bifidobacteria) is 10" cfu/day'®* and for
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Lactobacillus (Lb.) reuteri Protectis is 10” cfu/day."*! Therefore, one of the major knowl-
edge gaps that necessitate further inquiry is the minimum dose and/or frequency of
consumption of probiotics for beneficial effect.

Increasing health-care costs, preference for preventive therapies for chronic illnesses
and natural therapies will continue to drive probiotic market growth. The new market
research report on probiotics stated that Japan, Europe and the United States represent the
major markets for probiotics worldwide."*! Aging populations, leading probiotic manu-
facturers, high spending power of consumers, focus on preventive health-care and the
desire to maintain active lifestyles are some of the key factors driving growth of probiotics
in Japan, Europe and the United States.*) In the Asia-Pacific particularly, the key growth
drivers include the expanding middle-class population with high disposable income,
aggressive retail marketing, westernization of food habits and robust production and
consumption of functional foods.

Africa and the Middle East are the latest potential markets for probiotics and are
showing exceptional growth in the consumption of these products.*! These regions are
predicted to have continued growth and will be the future epicenters of global probiotics
sales by 2020.%* Information on the market share of probiotics in Africa is limited and is
likely to be quite small on the global scale."”’ In Africa, South Africa has a slightly well/
more established market for probiotics; however, when compared to, for example, the
European countries, the market is still underdeveloped and unpenetrated. One major
challenge in marketing probiotics especially in developing countries is lack of awareness
and their premium price. The Global Probiotics Market 2017-2021 report'**! illustrates
this by comparing the price of probiotic yogurt ($2.4 per ounce) to regular yogurt ($1 per
ounce). The premium price is mainly attributed to patents and use of co-cultures.
Moreover, in countries such as India where yogurt is homemade, selling probiotic yogurt
at a premium price just cripples its market penetration because consumers will most likely
not be interested in an overpriced new product. Interestingly, it is known from indigenous
knowledge and practices that African traditional fermented products are used in preven-
tion and treatment of gastrointestinal tract (GIT) illnesses.’?®! There is also increasing
interest in studying the probiotic properties of African traditional fermented foods and
probiotic isolates from these products.'2¢~%°!

Increasing interest in probiotics worldwide is responsible for the efforts towards iso-
lating probiotic organisms from local traditional products.!”’2°! Several tests have to be
carried out on candidate microorganisms before they can be confirmed and accepted for
use as probiotics. The importance of these tests generally lies in ensuring efficacy and
safety for the consumer. Various criteria and methods have been suggested and applied.
Although the FAO/WHO summarized the criteria to be used, it does not specify which
methods should be used for the different criteria. Different methods may vary in ease of
use, resolution, cost and interpretation. The advance effects of using unsuitable, irrelevant
and nonexhaustive methods/protocols may include declaring unsafe and inefficacious
organisms as probiotics. This could not only negatively impact on consumer health but
is also a recipe for fraudulent trade in the probiotics market. Therefore, this paper reviews
the criteria and methods employed in the evaluation of probiotic activity of candidate
strains. It highlights the pros and cons of different methods and offers recommendations
regarding the screening process.
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Probiotic organisms

The most common probiotic microorganisms are Bifidobacteria and lactic acid bacteria
(LAB) belonging to the genera Lactobacillus.**! Other less common probiotic organ-
isms belong to the bacterial genera Streptococcus, Propionibacterium, Bacillus,
Enterococcus and Escherichia®' ") and the yeast genus Saccharomyces.”*”!

Bacillus is a less known genus of probiotics as the majority, notably Bacillus cereus
and Bacillus anthracis are pathogenic. Fortunately, their pathogenicity is strain specific
since some strains do not produce enterotoxins and can thus be used as probiotics.*®!
Production of endospores by Bacilli enables them to survive the harsh gastric
conditions"*”) and allows for storage of the probiotics at room temperature and in
dried form."*®!

Enterococci are also used as probiotics although this genus is not considered
‘Generally Recognized as Safe (GRAS)‘ because some strains, notably Enterococcus
faecalis and Enterococcus faecium, have been implicated in opportunistic infections.-
[3949) Nevertheless, the genus has been and is still a target for probiotic studies!*!~**!
because some strains have desirable properties such as the production of enterocin,
which is an important bacteriocin.!*!!

Escherichia (E.) coli is another rare example of a non-LAB probiotic. In 1917,
during World War I in Germany, Alfred Nissle a physician and bacteriologist, made
an amazing discovery about a probiotic bacterium during an outbreak of shigellosis
among the soldiers. Interestingly, one of the soldiers did not succumb to shigellosis.
Nissle isolated a bacterium (E. coli Nissle 1971) from the feces of the soldier who
did not suffer from shigellosis and successfully used it to treat other soldiers. E. coli
Nissle (EcN1917) is now an active component of the pharmaceutical preparation
‘Mutaflor”, which is a licensed microbial drug used in the treatment of intestinal
infections in Germany and some European countries.****! E. coli M-17 is another
rare example of a non-LAB beneficial microorganism that is not regulated by the
FDA but is considered merely as a health food supplement. The organism was
discovered in Russia and was widely used in former Soviet Union countries to
treat GIT ailments. It continues to be produced and marketed under government
control in the Russian Federation.'*°!

Although most probiotic organisms are bacteria, a probiotic yeast strain known as
Saccharomyces boulardii also exists. This strain is effective in the prevention of antibiotic-
associated diarrhea.*”]

Various health benefits associated with probiotic organisms have been extensively
discussed.!>!*>#8-%°] The benefits include: lifespan prolongation, production of antioxidants
and other geroprotectors, inhibition of pathogens in the GIT, relief from lactose intolerance,
reduction in serum cholesterol, improved immune response, prevention of cancers, treatment
and prevention of ulcerative colitis, and atopic dermatitis, treatment of IBS, reduction in
cardiovascular disease risk factors, treatment of Helicobacter pyroli, prevention of antibiotic-
associated diarrhea, production of vitamins, treatment and prevention of urogenital infections
and hyperoxaluria among others. Table 1 summarizes the commercial probiotic microorgan-
isms, origins, carrier products and their health benefits.
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Probiotic benefits can be demonstrated using in vitro and in vivo methods. Although
many probiotic benefits have been shown using in vitro methods, it is mandatory for these
to be validated in vivo, and most specifically through human clinical trials.””!

Current guidelines for evaluating candidate probiotic organisms

There were generally no agreed upon standard criteria for studying probiotics prior to the
establishment of the guidelines for evaluation and declaration of probiotics for food use by
the Joint FAO/WHO Working Group.”*! Development of these guidelines was intended to
streamline the evaluation process and ensure not only the safety of probiotics but also the
authenticity of the health benefit claims associated with each organism. Although these
guidelines are available, the drawback is that they do not recommend specific in vitro and in
vivo techniques for use in evaluating probiotic properties. The other concern is that these
guidelines are not always strictly adhered to. This is possibly due to lack of enforcement by
regulatory bodies in some countries, which is in turn a result of limited knowledge,
infrastructural capacity, testing protocols and resources. Consequently, the market is flooded
with numerous so-called probiotics whose authenticity cannot be defended.””

Following the increased influx of probiotic products on the Indian market, and lack of a
systematic approach to evaluate the probiotics in food for their safety and efficacy, the
Indian Council of Medical Research (ICMR) and Department of Biotechnology (DBT)
formulated relevant guidelines for use in evaluating probiotics.”> These guidelines were
approved for use in India. The guidelines (summarized in Figure 1) define the parameters
required for a product or strain to be termed ‘probiotic.” The ICMR-DBT taskforce took
into consideration guidelines by the Joint FAO/WHO Working Group'”*! and a few other
related sources.”> The ICMR-DBT guidelines for evaluation of probiotics in food appear
to be a summarized version of those previously developed by the Joint FAO/WHO
Working Group.”*! Furthermore, the key difference is that according to the ICMR-DBT
guidelines a microorganism can only be considered probiotic after undergoing the three
phases (safety, efficacy and effectiveness) of human clinical trials while the third phase
(effectiveness) appears to be optional in the Joint FAO/WHO Working Group!”*! guide-
lines. We contend that while it is beneficial to compare a probiotic organism to the
standard treatment of a specific condition (phase III: effectiveness), both phase I (safety)
and phase II (efficacy) human clinical trials are sufficient to meet the requirements for
defining a probiotic organism.!"”!

Probiotic studies generally involve three major components: determining their survival
in the GIT, safety for human or animal use, and establishing probiotic activity/benefit to
the consumer. These health benefits are strain specific and do not necessarily cut across all
probiotic organisms or even members of the same species.!”®!

In vitro and in vivo tests are employed in the characterization of probiotic strains. In
vitro tests are generally much easier to perform but may not fully predict the functionality
of probiotic organisms in the human body.””* Therefore, in vitro data alone is insufficient
for describing an organism as probiotic. In addition, when screening for safety, virulence
of a candidate strain may be inactive under the specific conditions of the in vitro assay.!””!
Papadimitriou et al.l””! argue that virulence is a complex phenomenon that at times needs
active interaction with the host to be triggered, thus suggesting that in vivo models are
more appropriate during microbial safety investigations. Nonetheless, even though in vivo
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Strain identification by phenotypic and genotypic methods
e  Genus, species and strain
e Deposit in an internationally recognized collection

v

Screening of potential probiotic strains

e [nvitro tests

v
In vivo studies in validated animal models
e Safety
e Efficacy

v

In vivo studies in humans for clinical evaluations

e Phase | (safety)
e Phase 2 (efficacy)
e Phase 3 (effectiveness)

v

PROBIOTIC FOOD

v

Labeling requirements
e Genus, species, strain
e Minimum viable numbers of probiotics at the
level which is claimed and at the end of shelf life
e Health claim(s)
e  Serving size for efficacy
e Storage conditions

Figure 1. Guidelines for evaluation of candidate probiotics strains. (Figure reproduced with permission
from ICMR-DBT guidelines for evaluation of probiotics in food. 2011, Vol. 134, Issue no. 1, 22-25,
Ganguly et al. Copyright: The Indian Journal of Medical Research.)

tests are more appropriate, many of them cannot be used repetitively for multiple strains
due to financial and ethical reasons.

The Joint FAO/WHO Working Group!”* states that probiotics for human use should
be substantiated for efficacy, first using animal models followed by human trials. There are
countless tests that can be employed in the characterization of probiotic organisms but the
following, according to the Joint FAO/WHO Working Group!”), are the major ones:

(1) Resistance to gastric acidity,

(2) Bile acid resistance,

(3) Adherence to mucus and/or human epithelial cells and cell lines,
(4) Antimicrobial activity against potentially pathogenic bacteria,

(5) Ability to reduce pathogen adhesion to surfaces and
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(6) Bile Salt Hydrolase (BSH) activity.

Apart from adherence to mucus and/or human epithelial cells and cell lines, the above
listed major tests are exactly the same as the ICMR-DBT guidelines for in vitro character-
ization of probiotic strains.””!

In as far as the organism safety is concerned, the Joint FAO/WHO Working Group
recommends at a minimum the following screening tests:

(73]

(1) Antibiotic resistance patterns,

(2) Metabolic activities such as D-lactate production, bile salt deconjugation, etc.,

(3) Assessing for side effects in humans,

(4) Epidemiological surveillance of adverse incidents in consumers,

(5) Toxin production (for strains that belong to a species known for toxin production)
and

(6) Hemolytic activity for strains that belong to a species known for hemolysis.

The ICMR-DBT guidelines'”” recommend the following tests for evaluation of microbial
safety:

(1) Determining antibiotic resistance,

(2) Checking for undesirable side-effects,

(3) Testing for toxin production and hemolytic activity especially for strains belonging
to a species known to produce toxin or to have hemolytic potential and

(4) Establishing that the candidate strain does not cause infections in immunocom-
promised individuals.

In spite of the obvious need to establish the safety of a candidate organism, this should
only be strict for species (for instance Bacilli, Enterococci and E. coli) with a known history
of pathogenicity. The safety of species such as lactobacilli and bifidobacteria, which are
historically associated with food and considered safe for human consumption!”®!, should
not be worrisome. However, Marteau”®! and Snydman'®®! argue that, despite their GRAS
status and health benefits, probiotic organisms are still a safety concern because theore-
tically they can cause: (1) systemic infections such as bacteremia or endocarditis, (2) toxic
metabolic activities in the GIT, (3) excessive immune stimulation in susceptible indivi-
duals and (4) gene transfer, particularly antibiotic resistance genes to gastrointestinal flora.
Even though these could be a possibility, there is still no plausible evidence to support
these claims. For instance, in infections where probiotic organisms have been isolated,
they mostly occur as co-isolates without evidence of a primary role in the infection.!”®!
The organisms appear to originate from the host’s own microflora.”®! Furthermore,
Adams and Marteau!”® reported no cases of infection in people working with or routinely
exposed to high probiotic strain counts such as those involved in large-scale production of
these cultures. Although it could be argued that workers in such facilities handle these
strains with extreme caution, the absence of reports on probiotic-related infections in
these facilities could also indicate that the probiotic strains are noninfective.

It could be argued that some of the traditional screening assays are very slow and
outdated but they are still employed because of their simplicity, reproducibility and low
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cost. Consequently, to speed up probiotics research, various new molecular omics tests
based on the identification of specific molecular markers are now available.””*! Given
their rapid nature and high accuracy, these new techniques could possibly replace tradi-
tional in vitro and in vivo tests. Omics assays not only address the limitations associated
with traditional assays but the knowledge obtained from this new technology will also be
used to design more simple, accurate and precise in vitro and in vivo assays.!””!

According to the Joint FAO/WHO Working Group'”), evidence supporting probiotic
activity of a strain should be published in peer-reviewed scientific or medical journals.
Publication of negative results is also encouraged as these contribute to the totality of the
evidence to support probiotic efficacy.

Determination of gastric survival of probiotics

Tolerance to the harsh acidic and bile conditions of the GIT is vital for the selection of
probiotic microorganisms.’®2! The Joint FAO/WHO Working Group!”*! recommends the
following tests for screening of gastric survival of candidate strains: resistance to gastric
acidity, bile salt tolerance and BSH activity. This section discusses these tests in detail.
Other related tests are summarized in Table 2.

Tolerance to acid and bile salts

Many of the methods used for these assessments are in vitro because of the high costs,
ethical implications and safety issues associated with in vivo studies.””’ However,
Papadimitriou et al.’”) criticized in vitro acid tolerant assays. They point out that after
ingestion of food, the stomach pH raises from 1-2 to 4-5, yet the majority of the in vitro
assays are designed to select for strains that can tolerate extreme low pH (pH 2-3). This
could exclude some strains that may actually possess probiotic properties but cannot
tolerate extremely low acidity. While tolerance to low gastric pH conditions is vital in

Table 2. Other tests for evaluating potential probiotic strains.

Test Rationale Reference

Gastric survival test
Lysozyme tolerance Lysozyme destroys some types of microorganisms in the mouth.

Phenol tolerance Bacterial deamination of amino acids in the gut may form phenol which is
bacteriostatic against some probiotic strains.

[83]
[84]

Probiotic activity

test
B-Galactosidase B-Galactosidase is essential in the reduction of lactose intolerance. sl
activity
Glutathione test Glutathione forms part of the cell defense system against oxidative stress which is el
important in the intestinal microbial ecosystem.
Total Antioxidative TAA protects cells against oxidative damage. This could be due to action of different 5% 871
Activity (TAA) enzymatic antioxidants.
Anticancer activity Important in prevention of certain cancers for example colon cancer. el
Cholesterol reduction  Hypercholesterolemia is a risk factor in coronary heart disease. ®71
Immunomodulation Some strains activate a host’s defenses against pathogens but unrestricted 189)
immunostimulation in autoimmune illnesses is detrimental.
Safety test
[36, 41]

Virulence genes Some genera such as Enterococci and Bacilli are known to possess virulence genes.
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screening for probiotics, we argue that it should not necessarily hinder further screening
tests. With advancements in technology, such probiotics could be shielded from the harsh
gastric conditions, for example, through encapsulation, subsequently allowing them to
germinate and attach onto the ileum lining. Hou et al.®" reported that the viability of Lb.
delbrueckii ssp. bulgaricus in high acid and bile salt conditions was elevated by close to 4
log units after encapsulation within artificial sesame oil emulsions. Therefore, traditional
acid tolerance tests could be modified to also investigate microbial survival at slightly
higher pH ranges (pH = 4-5) as is the situation post ingestion of food. Furthermore, these
assays are often carried out using organisms in either their log or stationary phase. This
does not necessarily guarantee results similar to those obtained using organisms that have
been stressed by different food processing and storage conditions.”””!

During digestion, acidified chyme moves from the stomach directly to the duodenum
where it is exposed to bile salts. However, some of the in vitro assays separate the acid and
bile treatments, yet they are sequential in vivo. It is more realistic to study the survival of
candidate strains in the successive stress conditions.

Despite in vitro tests being almost inevitable, it is noteworthy that bile tolerance of
strains in both systems may not reflect the actual ability to tolerate bile in vivo.
Conditions such as pH, temperature and atmosphere among others exposed to a strain
prior to entry into the ileum may influence its bile tolerance level.” In addition, bile
concentrations in the body fluctuate, they are usually very low until a fatty meal is
consumed, and so pre-exposure to low bile concentrations could increase tolerance. For
example, sodium cholate and sodium deoxycholate caused an extremely rapid killing of
about 4 log unit reduction of Enterococcus faecalis ATCC 19433 exposed to 0.3% (w/v) for
15 s. However, when exposed to 0.08% (w/v) of the same bile salts for 5 s (flash
adaptation), the organism was able to adapt to this low bile concentration and a sub-
stantial protection against the normally lethal levels was observed.”®*! It is possible that low
levels of bile rapidly intercalate with microbial membrane lipids making the resultant
mixed membranes resistant to further detergent effects of the bile salts.”*) Unfortunately,
the fluctuation in bile salt levels in the ileum is not incorporated in in vitro studies.
Furthermore, in vitro studies expose candidate strains directly to bile salts which are
contained in just (phosphate buffered saline) PBS or a broth. The presence of food in the
intestine is thought to aid the survival of strains by shielding them in the food matrix;
some foods may even bind the bile salts and inhibit their toxicity.”? For instance,
Shimakawa et al.”* observed a lower inhibitory effect of bile on B. breve Yakult in the
presence of soy proteins, which bound and aggregated the bile salts. Begley et al.®! also
argued that in vitro assays may exaggerate findings because bile salts in the body that are
complexed in micelles with phospholipids may not be available to interact with microbial
cells, thus lowering their antimicrobial activity.

The type and structure of bile is an important factor in its antimicrobial action. De-
conjugated bile salts have a stronger antimicrobial effect than conjugated bile salts, and the
bactericidal effect of dihydroxyl bile salts is greater than that of trihydroxyl bile salts.!*”!
Bovine (oxgall) and porcine are the two commercially available bile types at the time of
this review. Literature reveals that of the two, bovine bile is more often used in in vitro
assays. However, it contains trihydroxylconjugated bile salts, which have a lower anti-
microbial effect than porcine bile, which not only contains dihydroxylconjugated bile
salts”®®! but is also more biochemically similar to human bile.”*”!
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There are also some irregularities in the concentrations of bile salts used in in vitro bile
tolerance assays. According to Barrett et al.®®l, the concentration of bile salts in the
human hepatic duct bile is 0.7%. On the contrary, Jose et al.® reported 0.3% bile salt
as the maximum that can be found in an average healthy person. Thus, in their study Jose
et al.””! used 0.3-2% bile salts for screening the isolates. On the other hand, according to
Goldin and Gorbach!®), the tolerance to bile salt concentrations of 0.15-0.3% is recom-
mended for probiotics, since it is in the range of the physiological concentrations met in
the GIT. Therefore, considering these variations among authors, we propose a bile salts
concentration range of 0.1-0.7% in bile tolerance studies.

There are several approaches for evaluating the stability of microbial strains to high
acid and bile conditions. These include the tube/well method, diffusion methods, bior-
eactors, animal studies and omics techniques.

Tube/well method. The commonest, simplest and cheapest in vitro method for acid
tolerance testing involves adjustment of the pH of a respective broth or PBS to different
levels (pH = 1.5-3.5) using concentrated HCL. The acidified broth or PBS is inoculated
with a known concentration of the bacteria (10°~10° cfu/mL) and incubated for a given
period of time (2-4 h). This incubation period is similar to the time food takes in the
stomach before it is moved to the duodenum."® Samples are drawn at intervals to
determine the viable cell counts or cell growth using the plating method or optical density
(OD).76102103] 1y determine acid tolerance, Koll et al.®®! used flat-bottom microwell
plates each with 180 uL MRS broth was adjusted to a pH range of 1.5-3.5 using 6 mol/l
HCI. Each well was inoculated with 20 pL of overnight culture and incubated aerobically
at 37°C for 4 h. Viable counts can be obtained using the plating method. To test for bile
salt tolerance, Koll et al.®®! used MRS broth containing 0.08-5.0% (v/v) human bile. A 180
uL volume of the bile adjusted MRS broth was inoculated with 20 uL of overnight culture
and incubated 37°C for 24 h. survival of culture was measured at ODg;3 at 0, 3, 6, 9, 12
and 24 h. While some candidate strains may be able to survive in bile conditions for 24 h,
it should be noted that chyme spends on average 4-8 h in the ileum.'®] Assays that
expose candidate strains longer than 8 h could result in them dying oftf and considered
unable to survive in the GIT.

Gastric juice or intestinal fluid of human , or animal origin or prepared
synthetically!®® can also be used. As earlier stated, bovine (oxgall) and porcine bile salts
are commercially available. There are different ways of obtaining human gastric juice and
bile. Xanthopoulos et al.!'* obtained gastric juice from a volunteer after at least a 4 h fast by
aspiration through a nanogastric tube. Their study indicates no additional treatment to the
gastric juice before use. Dunne et al.'® used laparoscopic cholecystectomy to obtain
human bile. The bile was filter-sterilized through a 0.45 um membrane before use.
Laparoscopic cholecystectomy is a procedure that involves removal of the gall bladder
using instruments placed into small incisions in the abdomen.’®* It is commonly employed
in the treatment for patients with symptomatic gall bladder disease.!"*°!

Although quite popular and relatively simple to perform, tube/well methods can be
laborious and inaccurate since some setups involve a lot of reagent preparations and
adjustments increasing the chances of introducing human errors. One ought to be very
careful and accurate in setting up the experiment because even a slight deviation in target
pH and/or bile concentration(s) could completely change outcomes. Regarding acid and

[103-104]
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bile choices, the best option would be to use those of human origin but this may require
ethical approval, which in some cases is very time-consuming. Therefore, the next best
option is porcine bile since it is more biochemically similar to human bile than bovine

bile®”! Nevertheless, bovine bile has also been successfully used by many authors.-
[26,29,34,86,107-108]

Diffusion methods. The agar well-diffusion technique can also be used to determine the
bile tolerance of organisms. Briefly, Vinderola et al.'*”! mixed 20 mL of MRS agar, melted
and tempered to 45°C with 200 pL of cell cultures grown overnight. Wells of 10 mm
diameter were made in the agar, 180 uL of bile salts solution of 0.0-1.0 g/100 mL were
added to the wells. Plates were incubated overnight at 37°C, and aerobiosis and diameters
of inhibition halos recorded. Todorov et al.''® used microtitre plates, where each plate
was filled with 180 pL of bile containing medium and inoculated with 20 pL culture
(ODsggonm = 0.3). OD readings at 600 nm were recorded every hour for 10 h. Agar plates of
the respective growth media containing bile salts of varying concentrations can also be
used. The bacteria are either streaked"'"! or spotted"'?! on the agar surface and incu-
bated. Diffusion-based methods are very simple but there is always the risk of the agar
density and volume affecting the diffusion rate and extent. It is, therefore, important to
ensure that a uniform amount of medium is used for all the plates used. Additionally, in
diffusion-based methods, the concentration of bile salts diffused into the medium cannot
be quantified.

Bioreactors. A more realistic simulation of the gastrointestinal conditions is a modification
of the tube method. The modified approach involves the use of agitated flasks that simulate
the acidic and gastric conditions followed by estimation of surviving cells over time.!""* The
Simulator of the Human Intestinal Microbial Ecosystem (SHIME), made of about five
serially connected pH-controlled bioreactors, is an even much better modification.!"'*
However, it is not only complex but also requires complete anaerobic conditions; moreover,
the absorption of metabolites and water is not simulated.'””’ Marteau et al.''*! overcame
this limitation by using dialysis membranes. In their study, Marteau and colleagues !'**
used a dynamic gastrointestinal model in which the jejunal and ileal compartments were
equipped with hollow fiber devices to permit dialysis of the chyme.

Botes et al.”* used a gastrointestinal model to study the acid and bile tolerance of Lb.
plantarum 423. The model simulated the nutrient flow through the GIT of infants. The
model had a ‘stomach’, ‘duodenum’, jejunum’ and ‘lleum.” At specific times, saliva, pan-
creatic juice and bile salts were separately pumped into the ‘stomach’ (pH = 3.7), ‘duode-
num’ (pH = 6.5), jejunum’ (pH = 6.5) and ‘ileum’ (pH = 6.0). Counts were determined
using the plating method at 6, 8, 10, 12, 15, 18 and 21 h after inoculation with culture.

Ritter et al.®® studied acid and bile resistance using Lactobacillus gasseri K7 and
selected bifidobacteria using a single reactor system. Figure 2 summarizes the simulation
using the bioreactor. Samples were drawn hourly to determine bacterial survival.

In this simulation, the software package was excellent at controlling the entire process.-
901 The growth media was supplemented with skim milk, which functioned as a simulated
food matrix. Food matrices are reported to help microorganisms pass through the
stomach and reach the intestines in high numbers.!"'®! The challenge with this single
reactor system simulation is that while the addition of pancreatic solution and bile salts
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Addition of bile salts and pancreatic juice
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Figure 2. Parameters of the stomach-intestinal passage simulation using a bioreactor. (Source: Ritter et al.””")

complete the passage into the ileum, it does not consider the fact that in vivo, the digestive
enzymes are activated and inactivated and the bile salts reabsorbed. Therefore, it does not
exactly simulate the environment in the colon, creates additional stress on the bacteria and
could possibly explain the unexpected linear decrease in B. adolescentis during the entire 7
h simulation in a similar study.'”” This is because the gastric juice and bile salt concen-
trations remained at the initial level and were not diluted as would be the case in vivo."
Dilution of the reactor content with a medium is reported to successfully counter this
challenge. For instance, Sumeri et al."7! ysed a dilution medium to simulate the decrease
of bile salt concentration by absorption in the jejunum and ileum. De Boever and
Verstraete!''®) reported that calcium salts can be also used to precipitate bile salts at the
end of the simulation to achieve a similar effect as the dilution medium. The single reactor
system can reliably be used to estimate the effects of acid and bile on an organism in vitro
before applying in vivo methods, which are more costly.!*"!

GIT simulators are reliable and more accurate in selecting low acid and bile tolerant
probiotic strains; unfortunately, they do not allow for quick screening of numerous strains
and could be rather costly to operate and maintain.!””! They, however, offer better
opportunities for simulation of GIT conditions and passage when compared to the tube
and diffusion methods.

Animal studies. Animal models can also be used to study the survival of candidate
probiotic strains to gastric conditions. For instance, in vivo studies involving mice have
been reported. Duangjitcharoen et al.l"**! labeled Lb. plantarum SS2 with a fluorescent dye
(cFDA-SE) and fed it to ICR mice. Their feces were collected daily for two weeks and Lb.
plantarum SS2 counts determined. Thereafter, the mice were sacrificed and their intestines
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analyzed. The mucosa surface was scraped to determine the number of Lb. plantarum SS2
that were attached. This approach is more accurate in studying the strain survival in low
pH and bile conditions of the stomach and duodenum, respectively. The method also
assesses the ability of the organisms to attach onto the epithelium. There was no inter-
ference with the inherent gut LAB since the test microorganism was labeled. The limita-
tion is the different items involved, which could be costly to acquire (for instance, the
fluorescent labeling dye and mice). It may also be necessary to obtain research approval to
experiment with animals and in some countries, the approval process is very time-
consuming. Additionally, unlike most in vitro studies which require only 24-48 h, this
approach requires up to two weeks, which is much longer. For studies that involve more
than one strain, this method may not be only too costly but also time-consuming. In such
cases, we suggest not to use this approach for initial screening but rather for in-depth
studies of strains that showed relatively good survival in the in vitro tests. This approach
provides the opportunity to use a more natural system that probiotic organisms encounter
in the human GIT when compared to the tube, diffusion and GIT simulator. It also
provides the opportunity for the researcher to evaluate the attachment of study strains,
which is not possible with other techniques.

Omics techniques. Omics techniques are more recent methods of detecting the ability of
candidate probiotic strains to survive gastric conditions. These techniques involve the holistic
view of molecules that make up a cell, tissue or organism. The basic aspect of omics techniques
is that a complex system is better understood when considered as a whole."'*’ Omics
techniques are primarily aimed at the universal detection of genes (genomics), mRNA
(transcriptomics), proteins (proteomics) and metabolites (metabolomics).'?"!

In reference to gastric survival, stress genes may be activated leading production of
specific proteins in some microorganisms. Omics techniques can, therefore, be used to
detect expression of such genes and/or proteins in stressed microorganisms.””! For
instance, heat shock proteins that repair acid damaged proteins were reported in acid-
stressed organisms."?!! In addition, genes implicated in DNA repair were up-regulated in
acid-stressed microorganisms.!"*?! Furthermore, An et al."'**! reported an up-regulation of
BSH encoding genes in bile-stressed organisms. Cell permeases were also up-regulated
during bile stress to expel the bile salts from the cell.l'**! Koskenniemi et al.!"**! reported a
significant increase in transcript levels of 316 genes and 42 intracellular and surface-
exposed proteins in bile stressed Lb. rhammnosus GG. The identified proteins suggested
diverse and specific changes in general stress responses as well as cell envelope-related
functions, likely for enhancing protection against bile stress. A protein dedicated to active
removal of bile compounds from the cell and BSH enzyme was also up-regulated. It was
concluded that the observed changes in gene expression were likely linked to pathways
that enhance adaptation of the strain to bile stress. In another study, Hamon et al.!'**]
investigated biomarkers for in vitro bile tolerance in six Lb. casei strains. Twelve proteins
associated with membrane modification, cell protection, detoxification and central meta-
bolism were detected. These proteins were possibly key determinants of bile tolerance of
Lb. casei and may serve as biomarkers for screening.'*!

While a lot of research has been focused on identifying specific stress genes and
proteins!'*' 71}, Papadimitriou et al.””! argue that many of the genes involved in stress
resistance are house-keeping genes and so their presence does not necessarily reveal
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anything noteworthy for the candidate strain. In fact, many of these genes are involved in
central cellular activities so it is unusual that they would not be part of the organism’s
genome. Therefore, Papadimitriou and colleagues””) recommended that the decision is
based on the enzymatic activity of the proteins in question and not simply the presence of
specific genes. This is a valid suggestion that researchers could adopt. In fact, this
approach is illustrated by Koskenniemi et al.l'?*!, who identified a BSH enzyme in
addition to bile stress-related genes and proteins in bile-stressed Lb. rhamnosus GG.

Identification of probiotic strains using molecular markers is a promising approach that
will facilitate rapid selection of the desired organisms. Omics technology offers, for the
first time, the proper tools for understanding the in vivo behavior of probiotics unlike in
simulated settings where pure or a handful of microbial strains are used.””! As omics
technologies become cheaper, genome sequencing of candidate strains will become a
routine practice.””! In fact, in silico assessment of candidate probiotic strains will also
be possible with an incorporation of novel functional transcriptomics and proteomics data
into databases.

As earlier stated, up-regulation of protective or repair proteins and stress genes does
not necessarily indicate tolerance to a stress. This is indeed insufficient in classifying an
organism as acid or bile-salt tolerant. It is, therefore, suggested that for the time being,
omics assays be combined with other tests, such as GIT simulation, tube/wells assays and
animal models, among others, for more definitive results.

Bile salts hydrolase (BSH)/deconjugation activity

As earlier mentioned, hydrolysis of bile salts produces deconjugated bile salts that have a
stronger antimicrobial effect on pathogens than the conjugated forms.!"**! Some probiotic
organisms reduce cholesterol through bile salt deconjugation.!"*”) In turn, new bile salts
have to be synthesized from the cholesterol in the body.’®”! As a result, the hypocholes-
teromic effect caused by the probiotics could prevent hypercholesterolemia. For instance,
Nguyen et al."?*! reported a significant cholesterol reduction of 7% in mice fed on Lb.
plantarum PHO4. Furthermore, Abd El-Gawad et al.l"*’! observed a 50.3% reduction in
total serum cholesterol in rats fed on buffalo milk yogurts containing B. longum Bb-46.
The ability of probiotic strains to hydrolyze bile salts also helps increase their survival and
persistence in the intestine.[*!

BSH activity is assessed by spotting!®”! or streaking!?®! freshly grown culture on respective
agar plates supplemented with bile salts and incubated at appropriate conditions depending
on the candidate strains. Mohanty and Ray"®”! used 0.5% (w/v) sodium cholate and 0.37 g/L
CaCl, while Banwo et al.*®! used 0.5% (w/v) sodium glycodeoxycholate and 0.5% (w/v)
taurodeoxycholate. The concentration used in these studies (0.5% w/v) is reflective of
human hepatic duct bile, which is 0.7% bile salts (75). BSH activity is indicated by precipita-
tion of deconjugated bile salts around the colonies.’®”! Surono!"** used a similar method, but
instead of spotting the culture directly on the agar, sterile paper discs were impregnated with
the test cultures and placed on the agar plates. Strains were categorized based on the diameter
of the precipitation zone. BSH activity can be categorized as low BSH activity (up to 10 mm),
medium BSH activity (11-15 mm) and high BSH activity (>16 mm).'?”! Borah et al.?”! used
Bile Esculin agar plates containing 4% ox bile. Hydrolysis of the bile esculine produced dark
brown to black coloration in the agar. This assay is very simple, reliable and can be used for
multiple strains. However, although bile salt hydrolase activity is among the selection criteria

[87] [28
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for probiotics, hydrolysis of these salts could be potentially harmful to the human host.!*”!
Therefore, it is not quite certain if BSH activity is a desirable probiotic trait. Large amounts of
deconjugated bile salts are feared to have detrimental effects on the human host. For example,
impaired lipid digestion caused by deconjugated bile salts, which are not very efficient in
emulsification of dietary lipids.!"*"! Additionally, it is proposed that subsequent modification
of deconjugated bile salts may cause DNA damage, promote colon cancer, impair colonic
mucosal function and form gallstones.”**"'**! Fortunately, the bacteria genera most likely to
be used as probiotics (Lactobacilli and Bifidobacteria) are incapable of dehydroxylating
deconjugated bile salts.”"**'*”) Therefore, the breakdown products of BSH activity will mainly
be precipitated and eliminated from the body through stool.”*”!

Evaluation of probiotic activity or benefit

Probiotic organisms confer different health benefits to their host (see section 3). These
benefits are conferred while the organisms are in the ileum. Therefore, a candidate strain
should have the ability to attach onto the epithelium lining of the ileum. This is discussed
in this section together with the evaluation of antimicrobial activity against pathogens
(based on; Joint FAO/WHO Working Group.[73]). Other probiotic activities that can be
assessed are summarized in Table 2.

Attachment to epithelium lining

In addition to tolerance of the harsh gastrointestinal conditions, probiotic organisms
should be able to attach onto the epithelium of the ileum before they start to provide
their health benefits.'**! This ability prevents the peristaltic movements of the digestive
tract from removing the organisms before they confer their benefits."**! Furthermore,
adhesion to, and colonization of, the mucosal surfaces inhibits pathogens through com-
petition for binding sites and nutrients."*>'*! Probiotics are short-term colonizers of the
GIT because they replicate in the intestine to a small extent.!'*?! They should, therefore,
preferably be consumed on a daily basis to maintain their numbers and effectiveness.'*’!
Attachment of microorganisms to the epithelial lining can be evaluated by using human
cell lines, animal models and genomics.

Human cell lines. Evaluation of the attachment capabilities of strains is often done using
ex vivo models because they are the closest to in vivo studies in humans. Human colon cell
lines, Cancer coli-2 (Caco-2) and HT29, which are continuous cells of heterogeneous
human epithelial colorectal adenocarcinoma, are commonly used.!"**'**) Other cell lines
used in probiotic characterization include the HeLa cell line!4¢), Madin-Darby Canine
Kidney (MDCK)!"*"), HEp-2 and T84 cell lines.!"**) When cultured under specific condi-
tions, the cell lines differentiate and polarize making their phenotype, morphology and
functionality resemble the enterocytes of mature ileum!***) The HT-29 cells differentiate
less than the Caco-2 cells.'>®! Although the HT-29 line has a typical morphology of
epithelial cells, it does not form a typical brush border as is the case with the Caco-2 cells.
For that reason, the Caco-2 cells are often used to study transepithelial transport and to
some extent epithelial barrier function!’*"! while HT-29 cells are mainly used to study
intestinal bacterial adherence.!'>?! HT-29 MTX cells (a mutant of HT-29 cells) have better
barrier properties than Caco-2 cells.'>® This is because a large portion of the HT-29 cell
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line is comprised of goblet-like cells, which produce large amounts of mucin.""** Mucin
has been suggested to aid in the modulation of the adhesion of live organisms to the
epithelial surface.">* Therefore, to compensate for the lacking mucus production, a co-
culture model based on Caco-2 and the HT-29-MTX cell line has been developed.!**"

Given the heterogeneity of Caco-2 cells, cultivation conditions can be manipulated to
select for the growth of specific cell subpopulations resulting in a model with properties
different from the original cell line.!*>" As a result, researchers have optimized the Caco-2
cell culture protocol to produce a highly polarized monolayer of cells that display various
characteristics of the intestinal enterocytes.!*>"

The obvious disadvantage with the use of Caco-2 and HT-29 cell lines is that they are
cancer cells and may react differently from normal intestinal epithelial cells.""*”! In addition,
the tissues rarely survive for long outside the human body, thus restricting the study design.
The lack of circulation can also significantly alter the tissue responses to the processes
induced during the study.!"*’ The study of strains in the absence of additional microbiota
that would mimic the typical gut microbiome is another limitation because it is known that
fierce competition occurs for adhesion sites among various microbes in vivo.””!
Nonetheless, intestinal cell models are popular for their simplicity and reproducibility.!">"
They make it possible to study molecular mechanisms that would otherwise be difficult to
achieve in vivo.">"! Strains that adhere with high efficiency to human cell lines ex vivo
usually behave similarly in vivo.””) Much as intestinal cell lines are a powerful tool for
studying the adhesion properties of organisms to the intestinal epithelium, caution should
be taken when extrapolating results from ex vivo models to in vivo cases.

Animal models. Animal intestines have also successfully been used to study the adhesion
of organisms to the epithelium of the ileum. For instance, Kos et al."*”! held Landras pig
ileum at 4°C for 30 min in phosphate buffered saline solution to loosen the surface mucus
and then washed it using the same solution. This was followed by incubation of the tissue
in a 10°/mL cell suspension of bacteria at 37°C for 30 min. Samples were fixed in formalin
and dehydrated in increasing concentrations of ethanol and then embedded in paraffin.
Sections were stained and examined microscopically for cell adhesion. Abbasiliasi et
al."*® ysed a slightly similar assay but they instead used goat ileum. In both studies,
the bacteria were able to adhere to the ileum. However, removing mucin, a natural
component of the epithelium, in this test may slightly change the characteristics of the
epithelium, thus affecting adhesion. In another study, Saxami et al.!'*! fed Wistar rats on
milk containing Lactobacillus casei ATCC 393 for 7 days. Thereafter, the intestinal content
and tissue were subjected to microbiological and molecular analysis. The use of Wistar
rats is a much closer approximation to natural gastric transit as it also includes a food
matrix, moreover within an animal system.

Genomics. Genomics is also employed in probiotic studies to identify proteins associated
with adhesion of organisms onto the intestinal epithelium. For instance, genomic analysis
indicates that the presence of FbpA protein may be responsible for adhesion of a probiotic
organism to the matrix of epithelial cells.!"®” In addition, through genomics, gene clusters
responsible for biosynthesis of pili were reported in genomes of probiotic Lactobacillil"®"!
and Bifidobacteria."** However, the presence of such genes may not be conclusive for the
ability of an organism to attach onto the ileum. Therefore, we suggest that genomics is
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combined with other traditional techniques such as human cell line and animal models for
more definitive results.

Hydrophobicity

According to Garcia et al.'®*), hydrophobicity is a measure of the relative tendency of a
substance to prefer a nonaqueous rather than an aqueous environment. In an aqueous
environment, there is a tendency of water molecules to exclude nonpolar groups. This
results in the nonpolar groups associating only among themselves. Hydrophobicity
enables the initial contact between an organism and the host cells through the interaction
of nonpolar groups on the cell surface.'**! It is desired that a probiotic organism has a
high cell surface hydrophobicity. High surface hydrophobicity indicates the capability to
attach to the epithelial lining of the intestine and resist the peristaltic movement of food in
the intestines.'®!

Cell hydrophobicity is determined by measuring the microbes’ adhesion to hydrocar-
bons. A washed overnight grown culture pellet is suspended in a buffering agent such as
phosphate buffered saline and absorbance (Ay) read at 600 nm. Thereafter, a nonpolar
phase, for example, toluene'?”), dichloromethane!®!, n-hexadecane!®® or Xylene[14°], is
added to the cell suspension to form a two-phase system. The suspension is vortexed for 2
min and incubated at room temperature!*”*>'**! or 37°C!* for 15-30 min to allow for
phase separation and attachment of the microorganisms in the nonpolar phase. The
aqueous phase is carefully separated and its absorbance read at 600 nm (A,) to determine
the portion of microbial cells that did not attach to the nonpolar phase. The percentage of
cell surface hydrophobicity (measure of attachment of microbial cells in the nonpolar
phase) is then calculated as (1 — A;/A,) x 100.

Auto-aggregation and co-aggregation

Bacterial auto-aggregation refers to aggregation of genetically identical bacteria cells while
co-aggregation refers to aggregation of genetically distinct bacterial cells.!"* The ability of
microorganisms to auto-aggregate correlates with adhesion and is important for coloniza-
tion and subsequent infection of the GIT.!"**! Co-aggregation of probiotics with pathogens
may form a barrier that prevents colonization by pathogens in the GIT. Co-aggregation
with other probiotics could increase their colonization potential if they are to be used as
probiotic co-cultures.!'>”!

To determine auto-aggregation, Kos et al.'®”! vortexed 4 mL of about 8 log cfu/mL of
cell suspension for 10 sec and incubated it at room temperature for 5 h. At hourly
intervals during the 5 h incubation period, 0.1 mL of the upper suspension was transferred
to another tube containing 3.9 mL of phosphate buffered saline and absorbance measured
at 600 nm. Percentage auto-aggregation was calculated as 1 — (A;/Ao) x 100, where A; is
the absorbance at time t = 1, 2, 3, 4 or 5 h, and A, is the absorbance at t = 0.

To determine co-aggregation, Kos et al.'*”! vortexed equal volumes (2 mL) each of
LAB and other microorganism (LAB or pathogen) together for 10 sec. Control tubes of 4
mL of each bacterial suspension were used. The suspensions were incubated at room
temperature for 5 h. Absorbance of the mixed and single cultures was measured at 600 nm
in a similar way as in the auto-aggregation assay. Percentage co-aggregation was calculated
as [{(Ax + Ay)/2 - (Ax 4 Y}/(Ax + Ay)/2] x 100, where x and y represent each of the two
strains in the control tubes and (x + y) represent the co-culture.

157]
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Antimicrobial activity

Microorganisms exert their probiotic effect through inhibition of pathogens using organic
acids, hydrogen peroxide, alcohols and bacteriocins, among others.!"®”) The antimicrobial
action can also be by displacement or competition with the pathogen for nutrients or
attachment sites on the epithelium."*” Inhibition of mucosal attachment is either by
enhancing the function of the mucosal barrier or direct immunological effect on the
mucosal immune system. Failure of pathogens to attach onto the epithelium prevents
their establishment and toxin production."*!] As pointed out earlier, in vitro production
of antimicrobial compounds does not necessarily guarantee in vivo application. It is
uncertain if the microbe under in vivo conditions will produce the antimicrobial com-
pound or even in sufficient amounts to cause significant pathogen inhibition.””) In
addition, the effect of antimicrobial compounds produced by probiotic organisms on
host tissue is almost never evaluated. Often antimicrobial assays presume that the anti-
microbial compound(s) produced by the test strain are harmless to the host’s cells””! and
so their safety is not evaluated. However, there are some studies that evaluated the safety
of antimicrobial compounds produced by probiotics. For instance, Das and Goyal''*®!
characterized plantaricin DMS5, a bacteriocin produced by Lb. plantarum DM5. The
cytotoxicity analysis of the bacteriocin on human embryonic kidney 293 (HEK 293) and
human cervical cancer (HeLa) cell lines revealed that it was nontoxic and biocompatible.
Todorov et al.'® tested bacteriocin ST8Sh produced by Lb. plantarum ST8Sh on the
human hepatocellular carcinoma cell line (Huh7.5) for its cytotoxicity profile. It was
reported that 25 pug/mL of the bacteriocin was highly toxic, reducing cell viability by
about 80%, but at a lower level (5 pg/mL) no cell toxicity was observed. Therefore, in our
opinion, for safety reasons, evaluating the potential negative effects of antimicrobial
compounds produced by candidate probiotic strains on host cells should be considered.

Agar diffusion assays
Well diffusion. This method is very popular in the study of antimicrobial activity of
bacteria,[27-259%102105:138] The mijcroorganism is grown in a broth overnight and centri-
fuged to obtain the supernatant. Wells of known diameter, usually 4 mm, are made in agar
that is pre-inoculated with a pathogen. The wells are filled with the supernatant and plates
incubated at appropriate conditions. Clear zones of inhibition around the wells are then
measured. Alternatively, the pathogen is spread on the agar surface and the candidate
strain spotted on the agar surface. The plates are incubated and inhibition zones mea-
sured. These diffusion assays are simple and reliable; nevertheless, like other assays that
involve agar diffusion, they are limited by the agar type and density.
Spot-on-the-lawn. The candidate strain is spot inoculated and grown in soft agar and
overlaid with another soft agar containing the pathogen and incubated. Inhibition,
indicated by a zone of clearing around the producer colony is measured."””! To confirm
the production of a bacteriocin-like compound, Byaruhanga et al.'”"! filled holes made in
the agar next to the LAB with proteases and incubated the plates at 30°C for 3 h before
overlaying. Plates were then checked for proteolysis of the inhibitory substance. However,
in this study, no strains were found to produce bacteriocins.

Alternatively, a much simpler assay can be used to determine bacteriocin action. It
involves heating the supernatant obtained from the broth of the culture grown overnight
at 100°C for 15 min. The antimicrobial activity of the supernatant is then evaluated using
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the well-diffusion technique. Though very simple, this method could be misleading in
instances where the bacteriocin is heat stable. Quite similarly, to investigate antimicrobial
activity due to the action of organic acids, Surono!**! neutralized the cell-free supernatant
with 1IN NaOH and sterilized it by membrane filtration. The neutralized supernatant was
then tested against selected pathogens using the agar spot test method.

Evaluating the safety of probiotics

The metabolic activity of an organism in its host should not result in the production of
harmful substances. The safety of potential probiotic organisms can be evaluated by
determining if the organism converts food components or biological secretions into
harmful secondary metabolites such as biogenic amines, phenols and indole, among
others. For evaluation of microbial safety, the Joint FAO/WHO Working Group!”
recommends, at a minimum, the following tests: antibiotic susceptibility, toxin produc-
tion, hemolysis and assessment of side effects in human studies. Other tests include
platelet activation/aggregation, gelatinase activity, DNase activity, lecithinase activity and
mucin degradation among others.

Antibiotic susceptibility

It is important that probiotic organisms are not inhibited by antibiotics, because strains
with intrinsic antibiotic resistance could in fact be useful for restoring gut microbiota after
antibiotic therapy.''”") Antibiotic-resistant probiotics could also play a role in preventing
antibiotic-induced diarrhea. Therefore, antibiotic resistance is a point of concern only if
there is a risk of transferring antibiotic resistance genes to pathogens.!'”") However,
speculations about the transfer of antibiotic resistance genes from probiotic bacteria to
gut pathogens''”? are yet to be scientifically validated. There is still a need for thorough
investigations into the possibility of transfer of antibiotic resistance genes to food and the
gut environment.!'”?!

Antibiotics either kill the microbial cell or simply stop microbial replication without
necessarily causing cell death.'”# Tetracyclines, macrolides and sulphonamides are exam-
ples of classes of antibiotics that have a bacteriostatic effect while beta-lactams, fluoroqui-
nolones and aminoglycosides are bactericidal.'’* Tests that can be used to study
antibiotic susceptibility include the agar disc diffusion test and the Minimum Inhibitory
Concentration (MIC) test.

Minimum inhibitory concentration (MIC) method. The MIC method determines the
lowest concentration of antibiotic (ug/mL or mg/L) that inhibits the visible growth of
an organism.!"””) The MIC assay can be performed by tube or macrobroth dilution,
antimicrobial gradient methods (E-test), broth microdilution and agar methods.

Tube or macrobroth MIC dilution. This is the simplest method, and it involves inoculating
the bacteria in broth tubes containing an antibiotic of varying concentrations. The culture
is incubated at specific conditions as per the candidate strain and growth determined
using optical density.!"”® This method is associated with challenges such as being tedious,
risk of making errors during reagent preparations, numerous reagents and large experi-
mental space required."””) This method is, however, relatively cheap and simple to
execute.
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Antimicrobial gradient method (E-test). The E-test is a modification of the tube dilution
MIC method. A strip with a decreasing concentration of specific antibiotic along its length
is used."'””! Pre-poured agar plates are swabbed with the bacteria and the strip placed on
the agar surface and incubated. The diameters of inhibition zones around the strip are
measured. The MIC value is the concentration along the strip at the intersection of the
strip and the growth inhibition ellipse.!'”*! The E-test can also be used to study antibiotic
interactions by placing different strips in succession following a set time interval. The
antibiotic interaction is detected by a decrease in the MIC of the combination compared to
the value of the most active antibiotic tested alone.!'”® Despite the high costs of the strips
(about USD 5 per strip and a retail pack contains a minimum of 10 strips), the E-test is far
less laborious and a simpler alternative to the MIC tube dilution method.!"”*! There is also
a good correlation between MIC values obtained using the E-test and broth dilution MIC
method.!””!

Broth microdilution. This involves dispensing a known volume (usually 50 pL) of varying
concentrations of an antibiotic into microtitre plates. The culture (50-100 pL) is then
added to the wells and incubated at appropriate conditions depending on the candidate
strain. To determine the MICs, Mayhofer et al.'*"! read the lowest concentration of
antibiotic at which visible microbial growth was inhibited. Alternatively, colorimetric
methods based on dyes such as resazurin and tetrazolium salt dyes can be used to
determine the MIC endpoint.!"*"'¥?] The broth microdilution test is highly reproducible
and correlates strongly with E-test results."*") According to Luber et al.'®, it is also a
fast, technically simple, low-cost method for MIC determination and can also be auto-
mated. Broth microdilution allows for evaluation of multiple antibiotics at once. However,
unlike the E-test and other agar-based methods, isolated resistant colonies, which are an
important observation, might not be detectable using a broth-based assay.!'®*) These
isolated colonies are believed to be subpopulations of the original strain that exhibit
increased resistance to the given antibiotic.!"””!

Agar method. Ocana et al.'"®* determined the MIC of Lactobacilli using the agar assay. In
this assay the antibiotic was added to molten agar (45°C) to final concentrations of 1-1000
pg/mL and then inoculated with the culture and allowed to solidify. The agar plates were
incubated at 37°C for 48 h and MIC determined by macroscopic observation.

Agar disc diffusion. The agar disc diffusion method is perhaps the commonest used in
antibiotic susceptibility studies. Pre-poured agar plates are swabbed with the bacteria or
cell suspensions mixed in soft agar and allowed to solidify. Disks impregnated with a given
concentration of antibiotic are then placed on the agar surface. The plates are incubated at
appropriate conditions, and the diameters of clear zones around the disks are measured.-
(186,187] Unfortunately, since the clear zones do not necessarily mean cell death, this
method cannot differentiate between bactericidal and bacteriostatic antibiotics."”>! Tt,
however, gives an indication of microbial inhibition. In addition, the method does not
determine MIC because it is not possible to quantify the amount of antibiotic that diffused
into the agar.'"”*! Only an approximation of the MIC can be made using data of the clear
zones and previous algorithms.!"*¥ MIC is defined as the lowest concentration of anti-
biotic (mg/mL) that completely inhibits the growth of an organism.!"*! It guides the drug
exposure necessary to ensure maximal efficacy in the event of infection; generally, drug
concentrations need to be 4 to 5 times the MIC to ensure the antibiotic is effective.'*"’
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Antibiotic diffusion in this method is highly dependent on the type, thickness, pH and
moisture content of the agar used as well as the inoculum concentration and incubation
conditions.!"?"'*?! It is vital to minimize the interference of these factors with the results.
Nonetheless, the method is preferred for its simplicity, reliability, low cost, ability to test
numerous strains against a number of antibiotics and ease of interpreting results."”*) For
interpreting such results, publications, including Clinical and Laboratory Standard
Institute (CLSI)!"*), European Committee on Antimicrobial Susceptibility Testing!'**!
and Charteris et al.''*”!, can be consulted. The limitation of these publications is that
some of the interpretations are developed based on the antibiotic susceptibility of clinical
pathogens rather than probiotic organisms. Others are based on a single genus of lactic
acid bacteria, notably Lactobacillus. There are also slight variations in the breakpoints
among these publications for the similar antibiotics and microorganisms. There is no
literature for susceptibility breakpoints for probiotic lactic acid bacteria using some
antibiotics such as novobiocin, levofloxacin, streptomycin, cephalexin and amoxicillin,
among others. Nonetheless, these publications offer a good option for antibiotic suscept-
ibility categorization of candidate probiotic strains.

Results from the disc diffusion assays categorize a strain as susceptible, intermediate or
resistant to a specific antibiotic. According to the CLSI!'**), ‘susceptible’ means ‘Isolates
are inhibited by the usually achievable concentrations of antimicrobial agent when the
dosage recommended to treat the site of infection is used.” ‘Intermediate’ ‘Includes isolates
with antimicrobial agent MICs that approach usually attainable blood and tissue levels,
and for which response rates may be lower than for susceptible isolates. The intermediate
category implies clinical efficacy in body sites where the drugs are physiologically con-
centrated (e.g. quinolones and -lactams in urine) or when a higher than normal dosage of
a drug can be used (e.g. B-lactams). This category also includes a buffer zone, which
should prevent small, uncontrolled, technical factors from causing major discrepancies in
interpretations, especially for drugs with narrow pharmacotoxicity margins.’ In other
words, this category implies that an infection due to the isolate may only be appropriately
treated by that particular drug in body sites where the drug is physiologically concentrated
for instance in urine (for quinolones) but not in blood and tissues. Alternatively, infection
by isolate can only be treated when a higher than normal dose of the drug is used.
‘Resistant’ means Tsolates are not inhibited by the usually achievable concentrations of the
agent with normal dosage schedules, and/or that demonstrate MICs or zone diameters
that fall in the range where specific microbial resistance mechanisms (e.g., f-lactamases)
are likely, and clinical efficacy of the agent against the isolate has not been reliably shown
in treatment studies.” In other words, resistant isolates unlike ‘susceptible isolates’ and
‘intermediate isolates’, are not inhibited at all by the usually achievable levels of drug as
per normal dosage schedules. The known normal drug dosage for such infection maybe in
the range where microbial resistance mechanisms are likely and drug efficacy has not been
reliable in previous cases.

According to Borriello et al.''**), for probiotic therapy, the organism to be used should
be susceptible to at least two major antibiotics. The major antibiotics are based on either
their chemical or molecular structures; that is, B-lactams, macrolides, tetracyclines, qui-
nolones, aminoglycosides, sulphonamides, glycopeptides and oxazolidinones, among
others.[17%197] Alternatively, they are based on their mode of action, which is inhibition
of cell wall synthesis, cell membrane function, nucleic acid function, protein synthesis and
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metabolic pathways.!"#”'8) Although MIC values are essential in probiotic screening, we
suggest that these should be restricted to genera with a known history of pathogenicity
such as Streptococcus, Enterococcus, Bacillus and Escherichia, among others. MIC values
may be of little or no significance for organisms with a GRAS status. Antibiotic suscept-
ibility testing for GRAS strains may only be useful for evaluating survival during and after
antibiotic treatment. Thus, the disc diffusion assay, in which the antibiotic concentration
of the disc is equivalent to therapeutic dosages used in the unlikely event of probiotic
infection, is sufficient. Therefore, using MIC values may be unnecessary when evaluating
GRAS strains more so when financial resources are limited.

Other  methods. Other antibiotic  susceptibility —assays include  Thin-Layer
Chromatography (TLC) - bioautography, time-Kkill test (time-kill curve), ATP biolumi-
nescence assay and diffusion methods; namely, agar plug diffusion method, cross streak
method and the poisoned food method.""”®! These methods are often used to study clinical
pathogens. To our knowledge, none of them have been used in probiotic screening tests.
These methods give rapid results and offer a better understanding of an antibiotic’s impact
on cell viability. Unfortunately, they are not widely used because of the need for specified
equipment and further evaluation for reproducibility and standardization.”®!

Production of biogenic amines

Biogenic amines are organic compounds produced in foods due to the decarboxylase
activity of microorganisms; mainly lactic acid bacteria®®’), as a defense mechanism against
acidic environments.**"] Generally, foods high in biogenic amines are fermented foods or
foods exposed to microbial contamination during processing and storage.”** Examples of
biogenic amines include histamine, tyramine, phenylethylamine, putrescine, agmatine and
cadaverine®®! and the precursor amino acids include arginine, ornithine, histidine,
phenylalanine and tyrosine. Ingestion of foods containing high levels of biogenic amines
is associated with vasoactivity, psychoactivity and some biogenic amines are potential
precursors of nitrosamines when nitrosatable agents are present in the food.?* 1t is thus
important that a probiotic organism does not produce biogenic amines in foods.

To determine biogenic amine production, strains are sub-cultured twice in decarbox-
ylating broth containing 2% L-histidine-monohydrochloride, L-tyrosine disodium salt, or
L-ornithine monohydrochloride.’®” The broth is then supplemented with 1 pL of a
corresponding amino acid precursor such as tyrosine and 1 mg/L pyridoxal 5 phosphate
and incubated at 37°C for 72 h.**! The test strain (1 uL) is then streaked®*! or spotted[203]
on different decarboxylase medium plates and incubated under appropriate conditions as
per the requirements of the strain. A positive reaction is indicated by a purple halo, except
for decarboxylation media containing tyrosine, where a positive reaction is indicated by a
clear halo surrounding the colonies.***!

Research by Priyadarshani and Rakshit?®! showed production of biogenic amines,
histamine and tyramine in the decarboxylate broth by Lb. casei TISTR 389 and Lb.
delbrueckii ssp bulgaricus TISTR 895. However, it was not observed for Lb. acidophilus,
Lb. lactis ssp lactis, L. lactis ssp lactis and Lb. plantarum. This confirmed that biogenic
amine production is strain dependent and not related to the species. Careful screening of
strains for amino acid decarboxylase activity is crucial.

205]
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Hemolytic test

It is important that the organism does not cause lysis of red blood cells (RBC) in the body.
For some pathogens, hemolysin plays a vital role in their virulence.’*” Hemolysin produc-
tion is analyzed using Columbia agar plates supplemented with sterile sheep blood.*® The
hemolysis is interpreted based on the extent of hydrolysis of RBCs. Partial hydrolysis is
indicated by a green zone (a- hemolysis), complete hydrolysis by a clear zone (B-hemo-
lysis) and no reaction (y-hemolysis) around the colony.”® Borah et al.””! used a similar
approach but instead used Blood agar base No.2 plates containing defibrinated sheep
blood.

There are currently no published reports of hemolytic activity by Lactobacilli and
Bifidobacteria. Some of the strains known for hemolysis belong to the genera Bacilli,
Streptococci and Enterococci®® 2%, 5o strains belonging to these genera must be evalu-
ated for hemolysis.

Platelet activation/aggregation

This is a crucial factor in the pathogenesis of infective endocarditis.”**”! Bacteria can leak
into the bloodstream due to gastrointestinal injuries, surgery or dental injuries and
promote septicemia by aggregation of platelets.'*!”) The leakage of bacteria in the circu-
latory system can contribute to platelet-fibrin clot formation on the endothelial surface.-
[(210] A5 a result, the physiological ability of platelets to bind fibrinogen causes platelet
aggregation and thus, vascular thrombosis or infective endocarditis.

The platelet activation/aggregation assay involves drawing blood from individuals.
Individuals should be nonsmokers and should not have taken alcohol in at least the
previous two days prior to drawing of blood. The blood is centrifuged to obtain platelet-
rich plasma, which is immediately mixed with a buffer (such as Tyrode’s buffer, HEPES
buffered saline, etc.) and platelet aggregators or candidate bacterial cells.'”*'") Azizpour et
al.*!” used Thrombin Receptor Activator Peptide-6 (TRAP-6) while Korpela et al.*'?
used Adenosine Diphosphate (ADP) and adrenaline as triggers for platelet aggregation.
On the other hand, Zhou et al.”''! used ADP, Epinephrine (EPN) and Streptococcus
sanguis as positive controls and Prostaglandin (PGE;) as a negative control. Samples are
incubated at appropriate conditions, and a fixative agent such as formaldehyde added to
halt the reactions. A mixture of monoclonal antibodies is then added in each of the tubes
and incubated. The monoclonal antibodies are used as biomarkers for activated platelets.-
(210) The platelets are washed with a buffer and subjected to flow cytometry analysis. The
percentage of platelet-specific antibodies and Mean Fluorescence Intensity (MFI) index
are utilized to assess the level of platelet activation or aggregation. This technique is
accurate but inter-individual variation in the degree of augmentation of platelet aggrega-
tion has been reported.’?! Therefore, to counter this, it is recommended that whole blood
samples are also analyzed to reduce artificial effects due to individual variation,!*'"’

The effect of several LAB strains or species including Lb. acidophilus NCCB 47025, Lb.
ssp plantarum NCCB 46042, Lb. rhamnosus NCCB 98073, Lb. rhamnosus GG ATCC
53103, Lb. rhamnosus HNOO1 and B. lactis HNO19 on platelet activation/aggregation have
been evaluated.?'°2'?! To date, none of the organisms belonging to the LAB above has
been implicated in platelet aggregation. Platelet aggregation has mainly been reported in
genera Aerococcus and Staphylococcus'**>*'* and in LAB belonging to the Enterococcus,
Streptococcus genera.?'>?'>215] 1t would appear, therefore, that evaluation of platelet

[209
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aggregation is very crucial in LAB or non-LAB organisms where platelet aggregation has
been reported previously or when no information on the platelet aggregation potential of
the species in question exists.

DNase activity
DNases are extracellular endonucleases that cleave the phosphodiester bond in the back-
bone of DNA releasing free nucleotides and phosphate and thus, disrupting cell
functionality.*'®) The DNase test is mainly used for identification of Staphylococcus
aureus but it can also be done for other organisms. DNase activity is determined by
streaking the organism on DNase agar and incubating the plates at conditions appropriate
for the test strain.®”) Clear and pink zones around the colonies indicate DNase
activity.[zm

Serratia, Staphylococcus, Campylobacter and Moraxella'*'® are DNase producing gen-
era. To date, there are no reports of DNase activity among lactic acid bacteria and
Bifidobacteria. Therefore, the DNase activity test may not be entirely relevant when
dealing with lactic acid bacteria.

218]

Gelatinase activity

The mucoid lining of the GIT constitutes the target across which several substances are
exchanged in the body and gelatinase activity would disrupt it. This would interfere with
the normal functioning of the lining and facilitate infections.'***) It is therefore important
that candidate probiotic strains do not express gelatinase activity.

In the gelatinase activity assay, the organism is spotted onto agar containing gelatin and
incubated at appropriate conditions depending on the candidate strain. Thereafter, the
plates are flooded with saturated ammonium sulfate solution and observed for clear zones
surrounding the colonies.?"®! Formation of a clear zone is positive for gelatinase activity.
In another approach, Botes et al.**! incubated the inoculated plates for 24 h at 37°C and
followed this by holding the plates at 4°C for 5 h. Colonies with surrounding opaque zones
were regarded gelatinase positive.

Gelatinase activity is usually associated with the following genera; Bacillus, Clostridia,
Proteus, Pseudomonas, Serratia and Staphylococcus.***" A review of literature reveals
Enterococcus as the only lactic acid bacteria genera with gelatinase activity.?*"**%
Therefore, we suggest gelatinase activity screening for only the genera known for gelati-
nase production.

Lecithinase test
Bacterial lecithinases are a safety concern because of their role in pathogenicity.
Lecithinase can cause hemolysis'***! and membrane disruption.”?*! To determine lecithi-
nase activity, Bhat et al.'***! spotted an overnight grown culture on nutrient agar supple-
mented with 8% egg yolk emulsion and incubated at 30°C. A halo or precipitation zone
around the colonies is considered positive for lecithinase activity. Bacillus cereus can be
used as a positive control.

Some of the species of the genera Bacillus, Clostridia, Staphylococcus, Pseudomonas and
Listeria'?****" are known for lecithinase activity. There are so far no reports of lecithinase
positive Lactobacilli and Bifidobacteria.
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Mucin degradation

The ability of an organism to excessively degrade mucin may allow it to escape the
trapping action of the mucin layer. This, in turn, allows it and other commensal or
pathogenic organisms access into the bloodstream through the mucosal surface.
Degradation of mucin also exposes the underlying epithelial cells to corrosion by stomach
acid and pepsin. Some Lactobacilli and Bifidobacteria strains may have the ability to
degrade mucus.'***

To investigate microbial mucin degradation, Abe et al.'”**?) and Delgado et al."**! used
partially purified pig gastric mucin. The mucin was added to an agarified medium with
and without glucose as the sole carbon source. Diluted suspensions of the strains were
spotted into the agar plates and incubated. The plates were then stained with 0.1% amido
black in 3.5 mol/L acetic acid for 30 min and then washed with 1.2 mol/L acetic acid. A
mucin lysis zone indicated by a discolored halo around the colony was considered a
positive result. For the positive control, a fecal slurry grown overnight in Brain Heart
Infusion broth was used while Lb. casei was used as a negative control. In addition to the
above-mentioned agar plate method, Abe et al.'***) investigated this trait by growing the
candidate strains in a basal medium. In some media, the carbon source was mucin or
glucose, or a combination of mucin and glucose. After incubation, bacterial growth was
assessed by measuring the pH and absorbance at 600 nm of the medium. Thereafter, the
basal medium of the strain was subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) to determine any changes in the composition of the mucin
after incubation. Autoclaved feces were used as a negative control. Ruas-Madiedo et al.?*!
used gel permeation chromatography to investigate mucin degradation of candidate
strains. The decrease in the highest molecular mass peak was considered an indicator of
mucin degradation.

The agar technique is a simple and quick way to evaluate microbial mucin degradation
but like all other agar assays, this method could be limited by the type of agar used.
Measurement of absorbance is a rapid method of determining microbial growth but
metabolites often interfere with the results. SDS-PAGE and gel permeation chromatogra-
phy are accurate techniques, they not only indicate mucin degradation, but they also make
it possible to identify the actual changes in the mucin composition by means of bands or
peaks of the degradation compounds.

Future prospects for probiotic research

The future for the screening of probiotics should focus on addressing the limitations of
both the current assays and the guidelines for selecting and declaring probiotic micro-
organisms. To facilitate probiotics research, it is important that cheaper, simpler and faster
screening techniques whose results are accurate, reliable and reproducible are available/
developed. Guidelines could also be reviewed to include considerations for: (1) establish-
ment of dosage for probiotic efficacy, (2) determination of allergenicity of probiotic
organisms, (3) specification of simple, accurate and precise in vitro and in vivo screening
assays and (4) evaluation of antimicrobial compounds produced by probiotics for negative
effects on host cells. If taken into consideration, these recommendations have the capacity
to revolutionize probiotic screening protocols.
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Conclusion

Guidelines for screening and declaration of probiotics exist and can be used to validate
candidate strains to avoid flooding the market with ‘probiotic products’ whose authenti-
city cannot be scientifically justified. This paper reviewed the different methods used in the
characterization of probiotic strains. Though there are major limitations associated with
some of the traditional in vitro and in vivo assays, they still remain very useful in probiotic
studies. More sophisticated approaches pertaining to probiotics research such as omics
technology are underway and will be perfected with time. It is these new technological
advancements that will address the limitations of the traditional assays.
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