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Introduction

Gene editing and genetically modified/engineering bacteria
An uprising method to create advanced and specialized organisms is gene editing [1]. 

This process involves changing an organism’s DNA by adding or removing a portion of 
their genome. Gene editing has been used in a variety of instances. One is in genetically 
modified organisms (GMOs) as commonly seen in plants. GMOs are created by introducing 
foreign genetic materials, forming a transgenic organism. Hence, by doing so, the organism’s 
performance is enhanced for the desired outcome. For instance, a portion of fruits’ genomes 
are edited to rot slower for the desired outcome of a longer shelf life. Another form of gene 
editing is the lately discovered clusters of regularly interspaced short palindromic repeats 
(CRISPR), specifically CRISPR associated with the Cas9 protein, discovered in a genome 
editing mechanism in bacteria. CRISPR-Cas9 works through using a guide RNA (gRNA) to 
help guide the system to bind to a specific region in the DNA and direct the Cas9 enzyme to 
cleave this sequence. This method is a promising weapon to combat cancer by genetically 
modifying T Cells to target specific proteins such as New York Esophageal Squamous Cell 
Carcinoma-1 (NY-ESO-1) on cancer cells [2]. To add on, it is through this system that scientists 
are seeking to edit the genetic material of bacteria to combat numerous diseases. Yet, there 
are ethical and scientific issues with gene editing for bacteria. In genetically editing bacteria, 
there is a risk that bacteria could pass the genes they carry to other bacteria or host cells, with 
unpredictable consequences [3]. When bacteria are transferred with foreign genes, they may 
develop resistance to current drugs, making human diseases harder to treat. Thus, genetically 
modifying/engineering bacteria may not be a practical means of treating or preventing 
diseases before positive results are shown from clinical trials. 
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Abstract
External interruption in the balance of microbes in the microbiome can lead to a dysbiotic microbiome 
which has been linked to a variety of human diseases. Antibiotics have been widely used for treatments 
of infectious diseases in humans, but they are generally not pathogen specific and run a risk of yielding 
antibiotic-resistant microbes. Inappropriate use of antibiotics may disrupt the homeostasis of human 
microbiome, causing dysbiotic microbiome and abolishing natural and self-curative of human body. Here, 
we review a new approach by using bacterial specific prebiotics to amplify the fermentation activity of 
probiotic bacteria against pathogens and keep the microbiome balanced for optimal health. The pros and 
cons of using skin prebiotic as a new modality for improvement of skin health are compared to other 
treatments including antibiotics, vaccines, bacteriophages, genetically modified/engineering bacteria 
and live skin probiotic bacteria.
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Live beneficial or probiotic bacteria
Without gene modification or engineering, many microbes 

naturally provide benefits to their hosts. For example, beneficial 
bacteria produce antimicrobial agents against pathogens [4] and 
probiotic bacteria undergo fermentation to help hosts to fight 
diseases [5] (Figure 1). Dysbiosis refers to a state with microbial 
imbalances within the human microbiome [6]. Yogurt is the best 
illustration of using gut probiotic bacteria to rebalance the gut 
dysbiosis. Reports show that short-chain fatty acids (SCFAs) 
produced by probiotic bacteria have been detected in infected 
tissues in humans [7-9]. Many SCFAs including acetic acid, 
butyric acid or succinic acid possess the decent antimicrobial 
activities against human pathogens. Furthermore, SCFA such as 
butyric acid can diminish inflammation via inhibition of histone 

deacetylase (HDAC) [10], suggesting the dual antimicrobial and 
anti-inflammatory activities of SCFAs. Unlike vaccines, the action of 
probiotic bacteria for treatments of infections does not directly call 
for host immune activation and may have little or no disruption to 
other commensal bacteria. In the current market, probiotic yogurts 
or supplements can be given by oral administration in humans. It 
has been shown that oral or topical probiotics can influence the 
host microbiome and may offer health benefits for patients [11]. 
Approaches using probiotics for the treatments of acne vulgaris 
and atopic dermatitis have been tested in vitro [12]. However, the 
Food and Drug Administration (FDA) does not yet approval live 
probiotic bacteria used for topical application onto human skin. 
One of concerns may include that these live probiotic bacteria may 
enter the bloodstream when they are directly inoculated onto skin 
with damaged skin barrier. 

Figure 1:  Probiotic bacteria fermentatively metabolize prebiotic to produce short-chain fatty acids (SCFAs) 
against pathogens. Development of bacteria specific prebiotic can avoid the some drawbacks of using antibiotic, 
vaccine, bacteriophage, or SCFAs for suppression of the growth of pathogens

The use of SCFAs in fermentation metabolites as therapeutic 
agents for treatments of human diseases may be an alternative for 
live probiotic bacteria. However, two pharmacokinetic drawbacks 
of SCFAs as antimicrobials and/or therapeutics are related to their 
rapid metabolization and failure to achieve concentrations in vivo 
[13]. SCFAs act on host cells through either inhibition of HDAC 
or activation of free fatty acid receptors [Ffar1; also known as 
G-protein coupled receptor 41 (GPR41) and Ffar2; GPR43) [14]. 
Literature has demonstrated that GW9508 (GlaxoSmithKline), 
an arylalkyl derivative of the propionic acid, activated the Ffar1 
receptor, attenuated chemokine induction in keratinocytes and 
reduced cutaneous immune inflammation [15]. To conquer the 
problems of SCFAs with shorter half-lives, several SCFA analogs 
have been recently synthesized as antimicrobials against pathogens 
or anti-inflammatory agents via inhibition of HDAC [5,16]. Some 
SCFA analogs as HDAC inhibitors with anti-proliferative and 
inflammatory activities are in preclinical and clinical development, 
including pivaloylomethyl butyrate (AN-9), a pro-drug of butyric 
acid [17]. Although SCFA analogs may hold the potential as novel 
antimicrobial agents, their bacterial specificities have not been 
scientifically evaluated. 

Risks of antibiotics, vaccines and bacteriophages 
Lack of microbial specificity and development of resistance 

are primary problems in antibiotic therapy. Antibiotics without 
bacterial specificity for treatments of skin diseases may destroy the 
beneficial or probiotic bacteria that help rein in the over-growth 
of pathogens and maintain homeostasis of skin microbiome. 
Vaccines, that have been proven effective to prevent many human 
diseases [18,19]. However, vaccines, although microbial specific, 
highly relies on the immune status of humans. Phage therapy is as 
one of precision microbiome editing strategies that scientists take 
advantage of bacteriophages to specifically kill pathogens without 
interrupting other bacteria in host [20]. Although bacteriophages 
could be highly pathogen specific, many drawbacks of phage 
therapy have been reported [21]. For example, for selection of 
bacteriophages as potential safe antimicrobial organisms, detailed 
comprehensive features of genome and phenotypic properties may 
be necessary since bacteriophages hold negative characteristics 
such as lysogeny-associated genes, toxin or enzyme encoding 
genes [22]. In addition, scientists have not yet entirely appreciated 
the safety issue of phage therapy as many identified genes of 
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bacteriophages express hypothetical and putative proteins with 
predicted or unknown functions. Additional downsides of phage 
therapy include that bacteriophages may transfer their genes from 
a microbe to another. It has been reported that bacteriophages can 
mediate the mechanism for genetic transduction [23] to integrate 
genes coding for virulence factors or antibiotic resistance [24] into 
hosts.

Prebiotic approaches
“Precision microbiome editing” can be delineated as a term for 

tailoring treatments of infections specifically targeting a species 
of probiotic, not other bacteria in the human microbiome. The 
precision microbiome editing approaches using prebiotic can 
exclusively trigger the fermentation of probiotic bacteria against 
pathogens. The approach has been demonstrated effective for 
treatments of skin diseases caused by the dysbiotic microbiome 
[25-27]. Different bacterial species make different enzymes that 
ferment specific sugar substrates as carbon sources. Staphylococcus 
epidermidis (S. epidermidis), Staphylococcus aureus (S. aureus) and 
Cutibacterium acnes (C. acnes; formerly Propionibacterium acnes), 
three main bacteria in the human skin microbiome, can ferment 
glucose to SCFAs [28-31]. However, S. epidermidis, but not S. aureus, 
can ferment mannose and galactose [30,31]. Previous results have 
showed that both S. epidermidis and C. acnes, but not S. aureus 
(USA300), can fermentatively metabolize glycerol [32]. Although 
S. aureus bacteria utilize several carbohydrates as substrates for 
fermentation, they cannot ferment ducitol (also called galactitol) 
and saccharic acid [31]. The ability of S. epidermidis and C. acnes 
to ferment ducitol and saccharic acid is undetermined. It has been 
documented that S. epidermidis can use sucrose as a carbon source 
to undergo fermentation and produce succinic acid to suppress the 
both in vitro and in vivo growth of C. acnes [26], a bacterium highly 
associated with dysbiotic acne vulgaris. S. epidermidis, but not C. 
acnes, can ferment sucrose to SCFAs.

Carbon atoms, as sources of bacterial fermentation, are 
tetravalent, allowing the formation of long carbon chains. There 
are four major categories for classification of carbon-based 
macromolecules in living things: carbohydrates, lipids, proteins, 
and nucleic acids. Each type of carbon-based molecules is composed 
of specific subunit molecules as monomers or multiple monomers 
as polymers. Polyethylene glycol (PEG) with long chains of carbon 
atoms is a synthetic water-soluble polymer. PEG polymers are 
greatly biocompatible and biodegradable molecules which have 
been approved by the U.S. FDA for transdermal drug delivery in 
humans [33]. PEG is nontoxic and approved by the FDA for use as 
excipients or as a carrier in different pharmaceutical formulations, 
foods, and cosmetics. PEG-derived polymers have been employed 
as a carbon source for bacterial fermentation. Scientists have 
reported that bacteria can secrete extracellular enzymes to 
depolymerize long chain PEGs [34]. Data suggested that PEG was 
taken up into the bacteria and subsequently degraded inside [35]. 
The depolymerization of PEG can be catalyzed after a modification 
of the terminal ethylene glycol (EG) unit by bacterial hydrolysis 

[35]. The PEG fermentation of bacteria yielded acetaldehyde as 
an intermediate, which was further disproportionated to acetate 
and ethanol. It has been also reported that the propionate-forming 
bacteria can ferment PEG to acetate and propionate [36]. A 
methoxy poly(ethylene glycol)-b-poly(ɛ-caprolactone) (mPEG-PCL) 
copolymer functioned as a prebiotic of Staphylococcus lugdunensis, 
selectively triggering the bacterial fermentation for production of 
acetic and isovaleric acids against Candida parapsilosis [37], one of 
fungi in human dandruff flakes. S. epidermidis fermented the PEG 
dimethacrylate to SCFAs which can suppress the growth of S. aureus 
in the wound skin in mice [25]. Results from previous publication 
above clearly demonstrate the prebiotic property of PEG polymers 
for skin probiotic bacteria. 

Inulin, a soluble plant fiber [38], and human milk 
oligosaccharides (HMOs) [39] have been used as prebiotic in the 
formula of probiotic yogurts or supplements for improvement of 
diseases caused by the dysbiotic gut microbiome. Plant extracts 
have been also verified as prebiotics for gut bacteria. Researchers 
found that turmeric extract not only was metabolized by gut 
probiotic bacteria including Lactobacillus rhamnosus GG (LGG) and 
Bifidobacterium animal is BB12, but also enhanced the growth of 
these bacteria [40]. To our knowledge, there are no prebiotics used 
for skin probiotic bacteria in the market. PEG di-methacrylate was 
demonstrated as a prebiotic for fermentation of skin S. epidermidis 
bacteria [25]. Several derivatives of PEG di-methacrylate PEG 
polymers with extremely low acute toxicity have been generally 
recognized as Safe (GRAS) by FDA. They may be an alternative of 
bacteriophages for editing skin microbiome [41] since they are 
relatively safer. Many derivatives of PEG di-methacrylate have 
been listed in International Nomenclature of Cosmetic Ingredients 
(INCI), revealing their potential as skin prebiotics.

Limitations of using skin prebiotics
Application of live probiotic bacteria onto skin has been not 

approved by FDA. Furthermore, the number of probiotic bacteria 
on human skin varies among individuals. Thus, the therapeutic 
effects of topically applied prebiotics to enhance the growth of skin 
probiotic bacteria likely vary among individuals. Acne treatment is 
one such example, as application of sufficient doses of prebiotics 
onto acne lesions specifically for S. epidermidis fermentation may 
be able to efficiently suppress the growth of C. acnes and C. acnes 
induced inflammation. However, since each individual acne patient 
may carry different numbers of probiotic S. epidermidis in an acne 
lesion. Thus, it will be hard for dermatologists to determine how 
many prebiotics should be topically applied onto acne lesions.

 The normal skin surface exerts self-sterilizing activity which 
has been ascribed to various factors such as low pH or some 
antimicrobial agents including SCFAs. A number of SCFAs, although 
concentrations are relatively low, are commonly detected in 
the skin and in the secretions of skin glands, such as the sweat. 
Human sweat contained 0.1% lactic, 0.04% citric, 0.0096% acetic 
and 0.0062% propionic acid [42]. It is still not unknown how 
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much SCFA can be produced by fermentation of skin probiotic 
bacteria. The concentration of total SCFAs in humans is ~50-
100μM in peripheral blood [43]. However, it has been reported 
that SCFAs locally produced by intestinal microbes in the human 
colon can reach a high level (20-140mM) [44] that can effectively 
kill local pathogens. Previous results [25] have shown that PEG 
di-methacrylate fermentation of S. epidermidis produced SCFAs 
including acetic, isovaleric, iso-butyric and propionic acids. The 
values of minimum bactericidal concentration (MBC) (reduction 
of at least one log10 C. acnes CFU) of SCFAs for C. acnes are in the 
range of 5 to 10mM [26]. These SCFAs can completely killed C. acnes 
in vitro at a concentration >10mM. It is not clear whether topical 
application of prebiotics can induce fermentation of skin probiotic 
bacteria to produce SCFAs at amounts in the mM range locally to 
hinder the growth of pathogens. 

It has been documented that lipopolysaccharides (LPS) and 
peptidoglycans (PGN) found on the outer membrane gram -negative 
and -positive bacteria, respectively, exert toxic effects on human 
cells [45,46]. Literature has described that oral supplements of 
gram-negative probiotics such as mutaflor® and Symbioflor 2® are 
fairly safe, since they produce low amounts of LPS exclusively in 
gut, which will not increase the toxic dose of LPS in bloodstream 
[47]. However, it should be of concern as to whether administration 
of prebiotic will lead to a tremendous proliferation of probiotic 
bacteria, causing an increase in the amount of LPS or PGN in the 
body. Thus, when prebiotics are administered, LPS or PGN levels 
produced in humans may need to be determined in the future.

Conclusion
Bacterial interference via fermentation has been widely 

employed in the development of probiotic therapy. If the limitations 
of using skin prebiotics above can be overcome, topical application 
of prebiotics on the skin to rebalance the microbial dysbiosis in the 
skin microbiome not only creates a novel modality for promotion 
of skin health but also provides an alternative for using antibiotics, 
vaccines and bacteriophages for treatments of skin diseases. 
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