
Genetically modified probiotics in
foods
Farid E. Ahmed

Department of Radiation Oncology, LSB 014, Leo W. Jenkins Cancer Center, The Brody School of Medicine, East Carolina University,

Greenville, NC 27858, USA

Probiotics have many potential therapeutic uses, but

have not been universally accepted because of a lack of

understanding of their action. Lactic acid bacteria (LAB)

have been modified by traditional and genetic engineer-

ing methods to produce new varieties. Modern tech-

niques of molecular biology have facilitated the

identification of probiotic LAB strains, but only a few

LAB have been modified by recombinant-DNA technol-

ogy because of consumer resistance to their introduc-

tion to markets, especially in Europe.

Probiotics (the name is derived from the Greek ‘for life’)
have been used for about 100 years to treat a variety of
mucosal surface infections, such as those of the gut and
vagina, but the use of these traditional treatments
diminished after the advent of antibiotics. However,
these agents are now being reconsidered as alternatives
to antibiotics because of the rise in antibiotic-resistant
strains of bacteria [1]. The bacteria that are found in
fermented products (e.g. yogurt, kefir and fermented
vegetables) are not normally found in the human intestine
because the gastrointestine is a hostile environment,
causing these bacteria to be flushed and eliminated from
the body [2]. However, some species of lactic acid bacteria
(LAB) are found in both fermented foods and in the
gastrointestine, although the strains are not the same. The
US Food and Drug Administration classifies these as
GRAS (generally recognized as safe) organisms for human
use [3]. The most frequently used probiotics found in dairy-
based food are lactobacilli and bifidobacteria because they
belong to the indigenous human microflora, they have a
long history of safe use and there is a general body of
evidence that supports their positive role.

Potential mechanisms of probiotic action include:
maintenance of mucosal intestinal resistance to infectious
diseases; prevention of vaginitis; production of antimicro-
bial metabolites and nutriceuticals; immunomodulation;
relief of constipation and prevention of antibiotic-associated
diarrhea; metal detoxification; serum cholesterol and
blood pressure reduction; prevention and alleviation of
allergic diseases; management of atopic dermatitis; pre-
vention of surgical wound infection and tooth decay;
regression of tumors and reduction in carcinogen and
mutagen production [4–11]. Perhaps surprisingly, despite
this impressive list of therapeutic and prophylactic

attributes, probiotics are not commonly part of the medical
practitioner’s armamentarium of prescription drugs, but
instead are available unprescribed from retail outlets
(usually supermarkets, grocery and health food stores) [12].

The acceptance of probiotics, however, is not without
risk, with 11 case reports of Salmonella boulardii
septicemia. It has also been implied that probiotic use
might detract from the currently prescribed high doses of
antibiotics [13]. Although the concept of probiotics has
been around for almost a century, knowledge of the science
behind their mode of action is still sparse. The validity of
much of the research into the efficacy of probiotics has been
questioned, their impact on human nutrition is still only
vaguely understood, the selection of desirable microbial
strains is an uncertain process, often based on commercial
or technical factors and the tools necessary to monitor
their performance in vivo are still being developed [12].

This review deals mainly with modification of the genes
– both naturally and artificially – of Gram-positive, non-
spore-forming, economically important LAB that exist
naturally in foods and the intestine, because of their long
history of use in food production and preservation and
because of their economic importance. LAB are a geneti-
cally diverse group of bacteria, including species of
the genera Carnobacterium, Enterococcus, Lactobacillus,
Lactococcus, Leuconostoc, Onecoccus, Pediococcus, Strep-
tococcus, Tetragenococcus, Vagococcus and Weissella. The
genus Lactobacillus remains heterogeneous, with .60
species having guanosine and cytosine (GC) contents of
between 34% and 53%, of which about a third are strictly
heterofermentative [14]. Phylogenetic analysis has
affirmed the presence of 54 species of lactobacilli, 18 of
which might be considered as probiotics, and 31 species of
Bifidobacterium, 11 of which have been detected in human
feces. The main species of LAB are shown in Box 1 [15].
Although many LAB are safe and used for the generation
of food, some species of genera such as Streptococcus and
Enterococcus are pathogens. It is likely that the introduc-
tion of new probiotics, particularly those strains produced
by genetic modification or derived from animals, will raise
safety concerns. In response, several studies have been
proposed to test the safety of probiotic bacteria (Table 1) [16].

Genetic engineering of LAB

Various genetic systems have been introduced to analyze
and modify LAB, particularly Lactococcus lactis and
others of industrial interest. Here, emphasis will be placedCorresponding author: Farid E. Ahmed (ahmedf@mail.ecu.edu).
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on those LAB that are introduced into food; they are
referred to as ‘food-grade’ because of their safety.

Plasmid vectors

Plasmids employing different mechanisms and various
markers have been employed to allow selection and
maintenance in the host, such as: (i) the source of
replication of natural plasmids combined with food-grade
selection markers, such as the wide-host-range pWV01 or
pVS40 plasmids [17,18], the narrow-host-range pCI305 in
lactococci [19] or pFR18 in Leuconostoc mesenteroides [20];
(ii) interactive plasmid strategies (e.g. Lactobacillus casei,
mv4 of Lactobacillus delbrueckii and TP901-1) in L. lactis
[21];and(iii)systemsbasedonhomologousrecombinationby
single crossover of nonreplicative plasmids as an integrative
vector by removing part of their replication function [22].

Two types of markers have been used: (i) selectable
markers, which confer new phenotypes (e.g. sugar
utilization, conferred by genes for sucrose and xylose
metabolism; bacteriocin resistance, from genes conferring
insensitivity to nisin or lactincin; or metal resistance from
genes conferring resistance to metals such as cadmium);
and (ii) those that restore an impaired function necessary
for cell viability, which can be conditionally inactivated to
produce auxotrophic mutations. The disadvantages of
these markers are that: (i) the copy number of plasmids
might vary; (ii) plasmids might be lost in the absence of
marker selection; (iii) plasmids might be structurally
unstable; and (iv) vectors require the introduction of DNA
in addition to that of the desired gene [23].

Chromosome modification systems

Allelic replacement in the chromosome is a natural
phenomenon with several advantages over replicative or
single crossover integration vectors because it allows
stable DNA insertion or genetic modifications without

leaving unneeded foreign DNA. Allelic replacement occurs
by double crossover between two regions of homology
flanking the modification and the corresponding regions
on the chromosome. This procedure might occur spon-
taneously on transformation using the natural competence
machinery, as described in Streptococcus pneumoniae [24]
and Bacillus subtilis [25]. However, a thermosensitive
plasmid-based system allowing gene replacement by a
two-step procedure has been used. A mutation in the gene
that encodes replication protein of the plasmid pWV01 has
been selected that allows maintenance of the plasmid at
308C but not at 378C [26]. This plasmid can direct
homologous integration in the L. lactis chromosome
when it carries a chromosomal DNA fragment of sufficient
length ($500 bp) [27], allowing sequential recombination
of the two fragments flanking the central modification
(nucleotide change, DNA deletion or insertion). Growing
the modified strain at 378C for several generations to allow
plasmid segregation once replication is blocked can then
cure the thermosensitive plasmid vector containing
selective markers. This plasmid might also be used to
select food-grade mutants containing a single insertion
element as a new DNA fragment in the genome [28].

Expression systems

Gene-expression systems have also been developed in
Lactococcus lactis to allow the controlled expression of
homologous or heterologous genes such as those based on
promoters controlled by sugar (lactose operon promoter)
[29], salt (gadC promoter) [30], temperature upshift (tec
phage promoter) [31], pH decrease (P170) [32], or phage
infection (phi31 promoter) [33]. A dose-dependent system
of induction was created using sublethal concentrations of
nisin in L. lactis [34] and extended to other laboratory
species [35]. Sugar-dependent expression systems have
also been developed in other LAB such as lactobacilli [36].
Inducible systems are not always easy to manage,
especially if a constant level of production is required for
metabolic control. A well-defined constitutive promoter
allowing the constitutive and known expression level of
downstream genes has been created that could be applied
to any bacterial species [37].

Production of starter LAC strains

Production of genetic variants by mutation and genetic

modification

Chemical modification of LAB has been used to produce
mutations restricted to a single gene, such as lactococcal

Box 1. The main species of lactic acid bacteria used as

human probiotics

Lactobacillus - acidophilus, amylovorous, casei, gasseri,

johnsonii, plantarum, reuteri, rhamnosus, salivarius

Bifidobacterium - animalis, bifidum, breve, infantis, lactis

(animalis), longum

Streptococcus - thermophilus

Enterococcus - faecium

Reproduced with permission from [15].

Table 1. Important studies for safety assessment of probiotic lactic acid bacteria (LAB)

Type of property studied Safety factors to be assessed

Intrinsic properties of LAB Adhesion factors, antibiotic resistance, existence of plasmids and plasmid transfer potential, harmful enzyme

profile

Metabolic products Concentrations, safety and other effects

Toxicity Acute and subacute effects of ingestion of large amounts of test bacteria

Mucosal effects Adhesion, invasion potential, intestinal mucus degradation, infectivity in immunocompromised animals

(e.g. following irradiation)

Dose–response effects Dose–response studies by oral administration in volunteers

Clinical assessment Potential for side-effects, careful evaluation in healthy volunteers and disease-specific studies

Epidemiological studies Surveillance of large populations following introduction of new strains and products

Reproduced with permission from [16].
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variants in lactose metabolism [38], citrate uptake [39]
and proteolytic activity [34]. These variants can be
selected at frequencies ranging from 1023 to 1021 [23].
However, the number of traits that can be modified by this
chemical method is limited, and more-efficient strategies
are needed to select mutants at frequencies of 1026 or
lower. In some instances, screening can be facilitated by
color selection using X-gal to select strains lacking
b-galactosidase activity. This strategy has been success-
fully used to select Lactobacillus bulgaris strains that are
unable to ferment lactose efficiently and do not acidify
yogurt after completion of fermentation. The result is an
organoleptically acceptable product that can be stored for
considerable periods without a significant drop in pH,
which causes a bitter taste [40]. Additional mutations
might occur, however, necessitating careful testing for
other important traits.

To circumvent problems associated with random muta-
genesis, genetic engineering using recombinant-DNA
technology has been employed, for example, to improve
the flavor and stability of buttermilk through metabolic
engineering of L. lactis subsp. diacetyllactis [41]. Diacetyl
is a chemical responsible for the butter flavor in many
fresh dairy products. The main pathway for diacetyl
production in the pyruvate metabolic pathway is a two-
step chemical oxidation synthesis from pyruvate
(Figure 1). In L. lactis, a-acetolactate can be decarboxy-
lated by a-acetolactate decarboxylase to form acetoin, a
compound without the desired flavor. Inactivating the
gene encoding a-acetolactate decarboxylase, aldB,
increases the availability of a-acetolactate for chemical
oxidation. Figure 2 shows three different ways of produ-
cing mutants in which aldB is inactivated [42]. An
experimental protocol to isolate spontaneous ald B
mutants in protrophic L. lactis strains was designed to
take advantage of the imbalance in the flux of acetolactate
between valine synthesis and acetoin catabolism in the
presence of leucine [43]. As this screen is only applicable to
valine protrophic strains, which most dairy starter strains
are not, the inactive valine biosynthesis genes were
complemented with a plasmid carrying the ilv operon
(pMC004) [44]. After selection of the desired aldB
mutation, pMC004 was removed; thus, for practical
purposes, the resulting mutation contained no foreign
DNA [45]. This strain accumulates high amounts of

a-acetolactate, leading to the formation of diacetyl that
is stable even after long periods of storage. This strain is
currently being used in a starter in the USA, in
combination with a diacetyl reductase Leuconostoc mutant
[23]. Although this strain is also used in Denmark, it is
considered a genetically modified organism (GMO) in the
rest of Europe and is not used there [46].

Gene technology allowing the production of similar
aldB mutants by direct allelic replacement using an
appropriate thermosensitive vector has been carried out
[35]. This approach has also been adopted to obtain food-
grade mutants of L. lactis resistant to phages by the
inactivation of the phage infection protein (pip) involved in
phage adsorption and DNA injection [36]. Similar
approaches could also be used in other LAB species, such
as Streptococcus thermophilus, in which the inactivation of
the phosphoglucomutase gene enhances polysaccharide
production [37], and inactivation of the urease gene
reduces delay in the acidification of milk containing high
amounts of urea [23]. Specific mutants can also be isolated
using an insertion sequence (IS) element [28] in which the
final strains only contain ISS1 originating from L. lactis at
a well-defined place in the chromosome.

Engineering strains with genes from other LAB or other

bacteria

Strains with increased proteolytic properties were con-
structed by transfer of genes encoding the peptidases
PepN, PepC, PepX and PepI of a highly proteolytic strain
of L. helveticus [47], or PepI, PepL, PepW and PepG from
L. delbrueckii [48], into L. lactis using a food-grade cloning
system. Another example is the construction of bacterio-
phage-resistant strains. However, phage resistance sys-
tems might interfere with phage adsorption, phage DNA
injection, phage replication, transcription, RNA trans-
lation, protein assembly and phage packaging. These
processes are often carried out by mobile elements such as
plasmids and transposons, suggesting that lateral transfer
of these genes occurs under pressure of phage infection. To
improve phage resistance, several mechanisms targeting
phage development and phages present in the factory
might be combined [49]. In addition, targeting specific
steps in phage development could introduce a further
phage replication source, which competes with that of the
phage [50].

Figure 1. Pyruvate metabolism pathways leading to various aromatic amino acids. Reproduced with permission from [23].
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Another strategy is to induce the expression of a lethal
gene upon phage infection [51], or to massively produce
antisense mRNA against essential phage genes [52]. A
disadvantage of these systems is their narrow range of
action. DNA shuffling, exploiting the properties of type I
restriction enzymes, was also found to generate new
restriction modification specificities [53].

New functions can also be introduced by inter-LAB
cloning. For example, expression of the L. amylovorus
amylase gene developed an amylolytic L. plantarum silage
strain with high starch-degrading ability. This recombi-
nant strain might have potential as a silage inoculant for
crops such as alfalfa in which water-soluble carbohydrate
levels are low but which contain starch as an alternative
carbohydrate source [54].

Genes can also be introduced from distant bacterial
strains to produce GMOs. For example, a heterologous
catabolic glutamate dehydrogenase gene from Peptostrep-
tococcus asaccharolyticus was introduced into L. lactis to
allow this organism to produce a-ketoglutarate from
glutamate, an amino acid present at high levels in cheese
[55]. Another example is the metabolic engineering of
L. lactis to produce large amounts of L-alanine, not
contaminated by the D-stereoisomer, from pyruvate in a
single step by alanine dehydrogenase (Figure 1). To
redirect the carbon flux from pyruvate (which usually
leads to lactate) to alanine, the Bacillus sphaericus alanine
dehydrogenase gene (alaDH) was expressed in an L-lactate
dehydrogenase-deficient lactococcal strain. The constructed

strain produced alanine as the sole end product. Finally,
stereospecific production (.99%) of L-alanine could be
achieved by inactivating the host gene encoding alanine
racemase [56].

Molecular identification of LAB

Two developments in molecular biology have facilitated
recognition of various probiotic strains. The first is the
availability of molecular tools to correctly recognize closely
related probiotic species and individual strains (Figure 3),
which has eliminated major confusion over strain identity
and ancestry. Several sequence-based typing systems
using PCR have been used to analyze conserved regions
of the rRNA operon or other conserved genes in probiotic
cultures [57].

The second important developmental step in the
identification of probiotics has been the availability of
molecular fingerprinting methods for recognizing and track-
ing individualstrains [58].Thesemethods include: ribotyping
[59]; amplified fragment length polymorphism, pulsed-field
gel electrophoresis [60] and random amplified polymorphic
DNA [61], including multiplex PCR, arbitrary primed PCR
and triplicate arbitrary-primed PCR [62]. Recently, enter-
obacterial repetitive intragenic consensus PCR and
repetitive extragenic palindromic PCR methods that use
species-specific primers and rapid PCR methods have been
applied to molecular phenotyping of lactobacilli [58].

Analysis of gene expression is important because
changes in the physiology of an organism or a cell are

Figure 2. Various procedures to produce mutants inactivated in the gene aldB, which encodes acetolactate decarboxylase. Left column: classical mutagenesis and a labor-

ious screening to isolate an aldB mutant [42]. Central column: the aldB mutant is selected by a screen using the dual role of Lactococcus lactis acetolactate decarboxylase

in the regulation of the acetolactate pool to select leucine-resistant clones (LeuR) that do not display growth inhibition in a chemically defined medium that contains leucine

but not valine or isoleucine. A plasmid carrying the ilv operon should be provided for valine auxotrophic strains. Right column: a two-step (1th and 2th) procedure to

exchange the functional aldB allele for an inactivated copy of the gene [45]. The first procedure leads to strains that do not need to be labeled as genetically modified organ-

isms (GMOs); the two procedures involving plasmid transformation lead to GMOs [46]. Reproduced, with permission from [23].
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accompanied by changes in patterns of gene expression.
Microarray technology for studying gene expression offers
the capability to examine differential gene expression
across the entire genome, and has been used for the
identification of organisms in environmental, clinical or
food samples based on the presence of unique sequences
(e.g. 16S rRNA, 23S rRNA and key functional genes) in the
transgenic organism [63], and has also been used for
the detection of GMOs in food [64]. The principles of the
technique are illustrated in Figure 4. The hindrance to
widespread use of microarrays is the lack of standardiz-
ation and the high initial cost of the technology [63,64].

Risk assessment and regulatory concerns

Social acceptance of genetically modified (GM) foods or
ingredients is not uniform in developed countries [24],
which over the past few years have established mechan-
isms for adjudicating on the safety of novel foods before
they are marketed [65]. In 1998, the EU introduced a
de facto moratorium on the import and production of GM
foods, and in March 2003, the European Commission
upheld the moratorium and is standing firm on its decision
that any food containing .0.9% of a GM product should
be labeled [66]. The concept of ‘substantial equivalence’,
which has been used for checking the safety of GM foods for
human consumption, is based on the principle that if the
chemical composition of a modified food is equivalent to
that of its natural antecedent, then it is safe. However,
some scientists in Europe argue that tests used to define
this equivalence do not include all biologic, toxicologic or
immunologic aspects of GM food [67].

The definition of a GMO varies among EU countries.
For example, in the diacetyl-overproducing strains, the
same mutation inactivating aldB can be obtained in
different ways (i.e. spontaneous mutation, induced muta-
genesis or genetic engineering). In Denmark, a spon-
taneous mutant has been isolated after a transient step in
which the strain containing foreign DNA has been
considered a GMO, although this strain should be similar

to that obtained by chemical mutagenesis [46]. Also, a
mutant obtained by allelic replacement of aldB by a
modified copy of the gene, even though it is a deletion
similar to a natural event, would be considered a GMO.
The use of a LAB modified with an exogenous gene is
currently limited in the EU by the moratorium on GMOs.
A GM Streptococcus thermophilus LAB has been used as
an improved biosensor for the detection of antibiotic
residues in milk by introducing luciferase genes into this
strain and optimizing its expression. This has been the
only LAB to be approved under EU directive 90/220/EEC
since December 1997. The bacterium, however, will not be
found in food products because it is destroyed after the test
has been carried out on a small sample [68].

The EU has established the Express-Fingerprints
program (QLK3–2001–01373), which is currently testing
potential side effects of the technology in L. lactis. The
program examines aldB and pip mutants obtained by
chemical mutagenesis and measures levels of gene
expression by two analytical methods (2D-gel electrophor-
esis and DNA microarrays), which allow the determi-
nation of relevant changes in the level of expression of at
least 450 proteins and the transcription of .2100 genes
larger than 89 bp. The Express-Fingerprints program
should also provide information about deregulation
because of the desired change [23].

In addition to variants or mutants of technological
relevance for improvement of product quality, strains
expressing genes derived from closely or distantly related
species could be developed. However, the main issue for
GMOs, especially those of human origin, is the evaluation
of the risks to human health of uncontrolled product
expression following transfer of the transgene into a
commensal bacterium [23].

An issue that should be considered – if the modification
technology does not appear to influence safety – is what

Figure 3. Phylogenetic relationships among members of the Lactobacillus

acidophilus complex. Reproduced with permission from [15].
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percentage of genes should be able to be inserted without
having to label the product as containing GMOs? Thus, if
it is assumed that many mutants (e.g. punctual, insertion
of IS, deletions) will be substantially equivalent to
naturally occurring strains provided a specific mutation
occurs at a very low rate (e.g. 10 2 9 per generation), then
.100 such cells will be present in a yogurt containing 109

viable cells g 2 1. The current labeling requirement in the
EU specifies that the product must be labeled if it contains
.0.9% GMOs. Because gene shuffling occurs on the
chromosome [53], plasmids [69], transposons [70], or on
phage-related elements [71], establishing the limit of the
natural gene pool might not be that easy.

Technologies such as genome shuffling that use the
natural cellular machinery (e.g. competence) are emerging
[72]. Strains produced by this technology might not be
considered GMOs, although the derived bacterium is less
characterized than a GMO. Genome shuffling has been
applied to improve the acid tolerance of a poorly
characterized industrial strain of Lactobacillus [73].
New shuffled lactobacilli that grew at lower pH and
produced more lactic acid than the wild-type strain were
identified, suggesting that genome shuffling is broadly
useful for the evolution of tolerance and other complex
phenotypes in industrial microorganisms. Genome anal-
ysis of food bacteria shows that the full set of genes
necessary for this purpose is present in the genomes of
L. lactis and S. thermophilus, a food bacterium closely
related to the human commensal S. salivarius [74]. Thus,
the study of genome evolution promises to show that the
genetic material has already been naturally modified in
many ways in some organisms [23].
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