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Abstract 10 

The Lactobacillus genus represents the largest and most diverse genera of all the lactic acid 11 

bacteria (LAB), encompassing species with applications in industrial, biotechnological and 12 

medical fields. The increasing number of available Lactobacillus genome sequences has 13 

allowed understanding of genetic and metabolic potential of this LAB group. Pangenome and 14 

core genome studies are available for numerous species, demonstrating the plasticity of the 15 

Lactobacillus genomes and providing the evidence of niche adaptability. Advancements in 16 

the application of lactobacilli in the dairy industry lie in exploring the genetic background of 17 

their commercially important characteristics, such as flavour development potential or 18 

resistance to the phage attack. The integration of available genomic and metabolomic data 19 

through the generation of genome scale metabolic models has enabled the development of 20 

computational models that predict the behaviour of organisms under specific conditions and 21 

present a route to metabolic engineering. Lactobacilli are recognised as potential cell 22 

factories, confirmed by the successful production of many compounds. In this review, we 23 

discuss the current knowledge of genomics, metabolomics and metabolic engineering of the 24 

prevalent Lactobacillus species associated with the production of fermented dairy foods. In-25 

depth understanding of their characteristics opens the possibilities for their future knowledge-26 

based applications. 27 

Keywords: Lactobacillus, dairy, genomic, metabolic engineering  28 
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1. Introduction 29 

The lactic acid bacteria (LAB) are a group of Gram-positive, non-sporulating, aerotolerant 30 

bacteria, with a fermentative metabolism that has lactic acid as the principal final product. 31 

The LAB group comprises seven genera: Lactococcus, Lactobacillus, Enterococcus, 32 

Pediococcus, Streptococcus, Leuconostoc and Oenococcus (O'Sullivan et al., 2009). The 33 

practical importance of the organisms within this group is unquestionable as they find 34 

application in industry, food and health-related fields. In the food industry, LAB are widely 35 

used in the production of fermented dairy, meat and vegetable products as well as in wine and 36 

sourdough production (Pfeiler and Klaenhammer, 2007; O'Sullivan et al., 2009). In addition, 37 

the production of antimicrobials or bacteriocins by certain species of the LAB has prompted 38 

their use as biopreservative agents in foods (Cleveland et al., 2001; Cotter et al., 2005; De 39 

Vuyst and Leroy, 2007). Other members of the LAB group exhibit health benefits and are 40 

often used as probiotics in the treatment of intestinal infections, inflammatory bowel disease 41 

and allergy development (Ljungh and Wadstrom, 2006). Members of the LAB group have 42 

also been suggested for use in mucosal vaccines as delivery vehicles for vaccine antigens 43 

(Bermudez-Humaran et al., 2011; Villena et al., 2011; Wyszynska et al., 2015). The wide 44 

variety and number of applications of the LAB raises the need to correlate industrially and 45 

clinically important features with genomic information to examine the possibilities for 46 

exploitation of their metabolic potential, thus improving their use in biotechnological and 47 

health-related applications. The complete and draft genomes of many LAB species are 48 

available in online databases (Genome Online Database, https://gold.jgi.doe.gov/, NCBI 49 

database http://www.ncbi.nlm.nih.gov/genome/, Ensemble Genomes database 50 

http://ensemblgenomes.org/, etc.) and they present valuable sources of information regarding 51 

genetic diversity and the metabolic potential of strains. In addition, state-of-the-art 52 

https://gold.jgi.doe.gov/
http://www.ncbi.nlm.nih.gov/genome/
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developments in genomics and metabolomics provide the tools for a more ‘knowledge-based’ 53 

approach to selection of desirable cultures for application in industry (McAuliffe, 2017). 54 

LAB are phylogenetically closely related, but the number of predicted protein-coding genes 55 

in the LAB varies between 1,700 and 2,800 (Makarova et al., 2006). Genomic studies of 56 

members of the LAB have confirmed the overall trend of minimisation of genomes, which is 57 

in close agreement with the transition to nutritionally rich environments. Nevertheless, some 58 

gene families were expanded by gene duplication or acquisition of paralogous genes via 59 

horizontal gene transfer (HGT) (Makarova et al., 2006). Based on the analysis of the 60 

genomes of 12 LAB species it was concluded that the core LAB genome, comprising 61 

orthologous genes conserved in all analysed genomes (Collins and Higgs, 2012), consists of 62 

567 genes, mostly encoding translation, transcription and replication processes, but 41 of the 63 

genes were uncharacterized and 50 had only general functions predicted. This study also 64 

identified two core genes exclusive for LAB, the products of which are LysM 65 

(peptidoglycan-binding) domain and the highly conserved LaCOG01237 with no known 66 

domains, but based on its localisation, it is probably involved in modification of tRNA 67 

(Makarova et al., 2006). 68 

The genus Lactobacillus comprises a diverse group of bacteria currently consisting of more 69 

than 200 species and subspecies (Sun et al., 2015a) that share the common features of other 70 

LAB, including low GC content, acid tolerance and conversion of sugars to lactic acid as one 71 

of the main end products of metabolism. Species of lactobacilli are present in various 72 

environments such as plants, fermented food products (dairy, meat, wine), and both the 73 

human and animal gastrointestinal tracts. Their ability to ferment milk, meat and plant 74 

material presents the basis for their artisanal and industrial usage (Sun et al., 2015a). Apart 75 

from this, strains of Lactobacillus are well known for their probiotic properties (Lebeer et al., 76 

2008).  77 



5 

This review aims to present recent findings related to the genus Lactobacillus, with a 78 

particular emphasis on strains commonly used in the production of fermented dairy foods. 79 

Genomic features of the main dairy species will be discussed, including their remarkable 80 

niche specialisation. Advancements in our knowledge through genomic analysis of key 81 

attributes of dairy species will also be reviewed. Finally, innovations in the applications of 82 

genome scale metabolic models and metabolic engineering, highlighting new possibilities in 83 

exploitation of strains of Lactobacillus, are also discussed.  84 
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2. Genomics of the Lactobacillus genus 85 

Due to their importance in various biotechnological and health-related applications, there has 86 

been a growing interest in exploring the genomic features of the genus Lactobacillus, which 87 

is the largest and most diverse genus of LAB (Broadbent et al., 2012). Lactobacillus genomes 88 

range in size from 1.23 Mbp (Lb. sanfranciscensis) to 4.91 Mbp (Lb. parakefiri) (Sun et al., 89 

2015a). Species of this genus are present in dairy products (Lb. delbrueckii ssp. bulgaricus, 90 

Lb. helveticus), human and animal gastrointestinal tracts (Lb. acidophilus and Lb. gasseri) or 91 

in a variety of niches (Lb. plantarum, Lb. pentosus, Lb. brevis, and Lb. paracasei) (Smokvina 92 

et al., 2013). The first genome of the Lactobacillus genus sequenced was Lb. plantarum 93 

WCFS1 (Kleerebezem et al., 2003) followed by Lb. johnsonii NC533 (Pridmore et al., 2004) 94 

and Lb. acidophilus NCFM (Altermann et al., 2005). These studies revealed some interesting 95 

genomic features of the Lactobacillus genus, such as lifestyle adaptation islands in Lb. 96 

plantarum WCFS1, lack of general biosynthetic pathways in the probiotic strain Lb. johnsonii 97 

NC553 and unique structures called potential autonomous units (PAU) in Lb. acidophilus 98 

NCFM, all of which triggered further investigation and comparison with newly sequenced 99 

strains of the same species. Currently (July 2016), there are 214 Lactobacillus genome 100 

sequencing projects available in public databases (http://www.ncbi.nlm.nih.gov).  101 

The pangenome (or supragenome) is considered as the full set of all genes within a selected 102 

genome set (species, genera or higher taxonomic groups) (Medini et al., 2005; Collins and 103 

Higgs, 2012). The size of the pangenome generated for Lactobacillus and associated genera 104 

of LAB reaches almost 45000 gene families, while 73 genes mainly responsible for cell 105 

growth and replication make up the core genome (Sun et al., 2015a). In a study based on the 106 

features of 20 complete Lactobacillus genomes representing 14 species whose genomes 107 

ranged from 1.8 to 3.3 Mbp, the number of proteins within these genomes was between 1721-108 

3100 (Kant et al., 2011). The estimated size of the pangenome of the Lactobacillus genus 109 
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consists of almost 14000 proteins, while the core genome consists of 383 orthologs (Kant et 110 

al., 2011). This number is higher than the 141 core genes reported in the study of Claesson et 111 

al. (2008), who used more strict criteria and took into account only 12 completely sequenced 112 

Lactobacillus genomes. Over 100 out of 383 genes of the Lactobacillus core genome were 113 

organised in operon-like clusters that are conserved in other related Gram-positive bacteria 114 

(Kant et al., 2011). Among 41 genes specific for Lactobacillus, 13 were predicted to code for 115 

ribosomal proteins, and 13 were annotated as hypothetical (Kant et al., 2011). Taken together, 116 

comparative genomic studies of lactobacilli confirmed the overall trend observed in other 117 

LAB, which is loss of ancestral genes and minimisation of genomes, as well as acquisition of 118 

genes by HGT as a response to adaptation to the primary habitat of these bacteria (Makarova 119 

et al., 2006).  120 

The main species of Lactobacillus used as starter cultures for the production of fermented 121 

dairy products are Lb. delbrueckii and Lb. helveticus, but more recently, a group of non-122 

starter lactobacilli has attracted growing attention due to their contribution to the quality and 123 

characteristics of the final products. This group includes Lb. casei, Lb. paracasei, Lb. 124 

rhamnosus and less often Lb. plantarum. Additionally, dairy products can be used as 125 

“carriers” of probiotic strains, such as Lb. acidophilus and Lb. rhamnosus. Therefore, general 126 

information regarding genomics of these most important dairy-related lactobacilli is 127 

presented in Table 1, and specific genomic features of these species will be discussed in more 128 

detail. 129 

2.1 Lactobacillus delbrueckii 130 

From the perspective of the dairy industry, Lactobacillus delbrueckii contains two 131 

industrially important subspecies: subspecies bulgaricus and subspecies lactis. Of the 22 132 

genome sequences available for these two subspecies, five are complete sequences. While Lb. 133 

delbrueckii ssp. bulgaricus is widely used in the production of yoghurt, subspecies lactis is 134 
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used primarily as a starter in the manufacture of cheeses like Emmental, Grana Padano and 135 

Parmigiano Reggiano (El Kafsi et al., 2014). The core genome of the three Lb. delbrueckii 136 

ssp. bulgaricus strains (2038, ATCC 11842 and ATCC BAA-365) consists of 1276 genes, 137 

with the genomes of strains 2038, ATCC 11842 and ATCC BAA-365 consists of 211, 150 138 

and 166 unique genes, respectively (Hao et al., 2011). An alignment of the three genomes 139 

revealed two duplicated segments flanking the predicted replication terminus, but strain 2038 140 

has a unique 8.5 kbp region between the duplication regions, which could be the reason for 141 

the bigger genome size (1.87 Mbp compared to 1.86 Mbp ATCC 11842 and ATCC BAA-142 

365). This region is most likely inherited from an ancestor, but lost in the other two strains, 143 

probably due to their independent evolution from strain 2038 (Hao et al., 2011). 144 

A genome analysis of sequenced Lb. delbrueckii strains showed that the average GC and 145 

GC3 content (GC at codon position 3) in coding sequences (CDSs) is approximately 52% and 146 

65%, respectively (El Kafsi et al., 2014), which is in agreement with a previously reported 147 

higher GC content in Lb. delbrueckii ssp. bulgaricus compared to other lactobacilli (van de 148 

Guchte et al., 2006). Higher GC content is a sign of rapid ongoing evolution in these species 149 

(O'Sullivan et al., 2009). In both subspecies, decay and inactivation of superfluous genes was 150 

evident, indicating an evolutionary trend towards adaptation to the dairy environment. A 151 

deeper insight into the genomics of these subspecies revealed some interesting genetic 152 

differences. Firstly, it was shown that the size of the ssp. bulgaricus genomes is smaller 153 

compared to ssp. lactis (1.8 Mbp and 2 Mbp, respectively). However, the number of CDS did 154 

not differ considerably between the two subspecies, as it varied in range from 1333-1783 for 155 

subspecies bulgaricus to 1593-1721 for subspecies lactis. Comparison of the core proteomes 156 

of five ssp. lactis and five ssp. bulgaricus strains surprisingly revealed quite similar sizes of 157 

core proteomes and significant overlapping of these. The overall core proteome consists of 158 

989 proteins, with 65 proteins specific for ssp. lactis and 25 proteins specific for ssp. 159 
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bulgaricus. The majority of the 65 specific ssp. bulgaricus proteins have unknown functions, 160 

while those of known function are mainly membrane transporter-associated proteins. The 25 161 

specific ssp. lactis proteins have mainly known functions, involved in carbohydrate and 162 

amino acid metabolism. For both subspecies, fragments of other subspecies-specific genes 163 

could be found as pseudogenes, implying that differential loss of genes caused subspecies 164 

divergence. Another important finding of the extensive genomic analysis is re-classification 165 

of strain ND02, which was designated as ssp. bulgaricus but confirmed to be ssp. lactis, not 166 

only due to the larger genome but also due to the higher number of insertion sequences (IS). 167 

Besides that, it was previously shown that Lb. delbrueckii subspecies can be distinguished 168 

based on the number of EcoRI sites in their 16S rDNA sequences, where ssp. lactis possesses 169 

one, and ssp. bulgaricus has two restriction sites (Giraffa et al., 1998). The detailed analysis 170 

of 16S rRNA of strain ND02 showed it did not contain two specific restrictions sites, adding 171 

an argument to its re-classification as ssp. lactis (El Kafsi et al., 2014). 172 

2.2 Lactobacillus helveticus 173 

Lactobacillus helveticus represents an important starter for the production of Swiss-type and 174 

long-ripened Italian cheeses (Broadbent et al., 2011; Giraffa, 2014). Apart from the dairy 175 

environment, Lb. helveticus strains are present in fermented plant and meat materials as well 176 

as the gastrointestinal and urogenital tracts of humans and animals and their probiotic activity 177 

is confirmed (Strahinic et al., 2013; Taverniti and Guglielmetti, 2012). While the complete 178 

genome sequences of eight strains are currently available, a total comparative genomic study 179 

of this species has not been performed to date, and information regarding the core, pan and 180 

specific genomes is not currently available, to the best of our knowledge. Strains sequenced 181 

to date originate from various fermented dairy products, such as koumis, sour milk, kurut, or 182 

they were used as industrial starters. Genome sizes vary from 1.87 to 2.38 Mbp, with a GC 183 

content of 37%, and the number of genes ranges between 1743 - 2540.  184 
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2.3. The Lactobacillus casei/paracasei group  185 

The taxonomic status of Lb. casei is still a matter of much debate (Smokvina et al., 2013) as 186 

molecular studies have implied that the majority of Lb. casei strains are more related to Lb. 187 

casei ATCC 334 (also named Lb. paracasei) than to the official type strain Lb. casei ATCC 188 

393 (Dellaglio et al., 2002). Because of this uncertainty, the information available for both 189 

Lb. casei and Lb. paracasei will be reviewed together here. The members of this group have 190 

been isolated from dairy and plant materials (cheese, wine, pickle, silage) (Toh et al., 2013) 191 

and reproductive and gastrointestinal tracts of humans and animals (Cai et al., 2009). In the 192 

cheese industry, they are used as adjunct cultures for development of desired flavour (Milesi 193 

et al., 2010; Van Hoorde et al., 2010). Besides application in fermented food production, 194 

members of this group are well known for their probiotic characteristics (Herias et al., 2005; 195 

Ya et al., 2008). Such a diverse range of sources and broad ranging possible applications 196 

makes this group one of the best explored species within the Lactobacillus genus with eight 197 

and seven genome sequences completed for Lb. casei and Lb.paracasei, respectively, and 27 198 

and 46 draft genome sequences available for Lb. casei and Lb. paracasei, respectively. 199 

Genome sizes range from 2.38 Mbp for Lb. paracasei ssp. tolerans DMS20258 and 3.27 Mbp 200 

for Lb. casei Lbs2, with an average GC content of 46.5%. Analysis of the draft sequences of 201 

12 strains of Lb. casei of different origins (dairy, plant and human) along with five fully 202 

sequenced genomes have determined that the size of the Lb. casei pangenome is 3.2 X the 203 

average genome size, consisting of 1715 core and 4220 accessory genes (Broadbent et al., 204 

2012). Another comparative study (Yu et al., 2015) performed on 12 draft Lb. casei genomes 205 

revealed 806 novel regions larger than 500 kbp harbouring both hypothetical proteins and 206 

mobile genetic elements in these strains compared to the seven complete genomes. This 207 

suggested that the Lb. casei pangenome expands with every new sequenced genome and 208 

potential for environmental adaptation within the species increases (Yu et al., 2015). 209 
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Similarly, when 37 genomes of Lb. paracasei were analysed, 1800 core and 4200 accessory 210 

genes were detected (Smokvina et al., 2013). A common feature of all 37 analysed genomes 211 

of Lb. paracasei is a cluster involved in the conversion of branched chain alpha-keto acids 212 

into branched chain fatty acids important for maintenance of the colonic epithelium. This 213 

gene cluster is unique for Lb. paracasei, implying its acquisition through HGT (Smokvina et 214 

al., 2013). Pangenome analysis revealed the ability of Lb. paracasei to utilise a broad range 215 

of carbohydrates. In total, 74 sugar utilisation cassettes were detected 15 of which belonged 216 

to the core genome. These cassettes were localised on two genomic islands (Smokvina et al., 217 

2013), structures usually connected with the environmental adaptation (described in details 218 

below).  219 

2.4 Lactobacillus acidophilus 220 

Taxonomically, Lactobacillus acidophilus is part of a larger complex comprising several 221 

species: Lb. acidophilus, Lb. amylovorus, Lb. crispatus, Lb. gallinarum, Lb. gasseri, and Lb. 222 

johnsonii (Berger et al., 2007; Ramachandran et al., 2013). Strains of Lb. acidophilus are 223 

often used in dairy products as probiotics and as flavour contributing strain in certain dairy 224 

products, such as yoghurt, sweet acidophilus milk and cheese (Buriti et al., 2005; Ong et al., 225 

2007; Ejtahed et al., 2011). The genome of Lactobacillus acidophilus NCFM was the first Lb. 226 

acidophilus to be sequenced (Altermann et al., 2005). Presently, 16 strains of this species 227 

have been sequenced, with three complete genomes available. Genomes range in size from 228 

1.25 - 2.05 Mbp, with GC content of 34.7%. Although phenotypic and biochemical 229 

characterisation of strains show a certain level of diversity, genotypic analysis indicates less 230 

variation within genomes of this species (Ramachandran et al., 2013; Stahl and Barrangou, 231 

2013; Bull et al., 2014). In a recent study reporting the genome sequences of Lb. acidophilus 232 

strains isolated from yoghurt (Iartchouk et al., 2015), the alignment of the three sequenced 233 

genomes (FSI4, NCFM, and La-14) confirmed a high level of genome similarity for these 234 
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strains at the DNA level. Similarly, alignment of La14 and NCFM showed extremely high 235 

similarity between these two strains and synteny with ATCC 4769 (Stahl and Barrangou, 236 

2013). Strain 30SC was initially designated as Lb. acidophilus, but unlike other strains of this 237 

species, it possesses 2 plasmids and has higher GC content (38%) (Stahl and Barrangou, 238 

2013). After detailed phylogenetic analysis of its genome, it was re-classified as Lb. 239 

amylovorus (Bull et al., 2014)  240 

Intraspecific diversity of 33 Lb. acidophilus strains was examined by whole genome multi 241 

locus sequence typing (wgMLST), at 1864 loci defined in the Lb. acidophilus NCFM genome 242 

sequence (Bull et al., 2014). It was found that the core genome comprised 1815 genes, which 243 

makes up to 97.4% of Lb. acidophilus NCFM loci. A number of commercial strains analysed 244 

in this study showed a narrow window of variation, unlike the type strains analysed where a 245 

somewhat higher level of variation in loci was detected. When a pairwise comparison of 246 

selected isolate sequences was performed with the NCFM strain, it confirmed that the genetic 247 

variation in the core genome was predominantly the effect of single nucleotide polymorphism 248 

(SNP). Pairwise analysis also revealed partial evidence of gene decay, during which phage, 249 

mucus-binding and sugar metabolism genes were lost. Similar findings were observed at the 250 

phenotypic level where no significant differences between the commercial or culture 251 

collection strains was observed, following analysis by API 50CHL. An interesting finding of 252 

this study is that all investigated isolates showed no evidence of extrachromosomal DNA, 253 

such as plasmids, and no evidence of an active phage, again confirming the stability of Lb. 254 

acidophilus genomes. However, three prophage remnants termed Potentially Autonomic 255 

Units (PAU) discovered in NCFM genome (Altermann et al., 2005) and a novel region with 256 

phage related functions showed variable presence in other Lb. acidophilus isolates. While 257 

PAU1 was present in all analysed isolates, PAU2 and PAU3 were present in commercial 258 

isolates, but variably present in culture collection isolates (Bull et al., 2014).  259 
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2.5 Lactobacillus rhamnosus  260 

Lactobacillus rhamnosus is present in various dairy products, such as cheese and yoghurt, but 261 

also in human cavities and gastrointestinal tract (GIT) (Douillard et al., 2013; Kant et al., 262 

2014). In dairy products, it is mainly present as part of the non-starter LAB (NSLAB) in 263 

Italian cheese varieties (Gobbetti et al., 2015), and there is evidence of its positive effect on 264 

flavour development in these products (Sgarbi et al., 2013; Innocente et al., 2016). However, 265 

its main application is as probiotic cultures (Tuo et al., 2013), often administered through 266 

fermented dairy products. To date, 102 genome sequences have been elucidated, with the 267 

completed sequences of six strains available. The size of the genomes range from 2.52 Mbp 268 

for strain MTCC 5462 up to 3.41 Mbp for strain CRL1505, and the average GC content is 269 

46.7%. General genomic features of this species were determined based on 100 sequenced 270 

strains of various origin (cheese, yoghurt, vaginal cavity, oral cavity, intestinal tract, abscess, 271 

blood, clinical isolates) mapped according to the reference strain Lb. rhamnosus GG. The 272 

number of shared genes between these 100 strains and strain GG ranged from 87-100% 273 

(Douillard et al., 2013). The pangenome analysis based on the complete or draft genomes of 274 

13 strains, originating from various environments (milk, human airways, faeces, dairy starter, 275 

infected dental pulp, Cheddar cheese and gut biopsy), estimates a total of 4893 genes, 1.6 X 276 

the average size of a Lb. rhamnosus genome (Kant et al., 2014). Pangenome studies show 277 

that, in general, the rate of increase of the size of the pangenome slows down with every 278 

additional genome being sequenced (Kant et al., 2014). As the pangenome curve of Lb. 279 

rhamnosus reaches a plateau at about 5000 genes, it is predicted that with only a few more 280 

additional genomes of strains from different origins would be sufficient to reach total genome 281 

variability of the species (Kant et al., 2014). The core genome of Lb. rhamnosus is estimated 282 

to encode 2095 genes, or approximately 43% of the pangenome. There are at least 75 genes 283 

present only in Lb. rhamnosus species, and the majority of these are hypothetical proteins 284 
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followed by membrane transporters, transcriptional regulators and glycosyl-transferases. The 285 

dispensable genome, which contains genes present in two or more strains (Medini et al., 286 

2005), of Lb. rhamnosus is estimated to contain 2798 genes, and the number of unique 287 

(strain-specific) genes is 855, which is approximately 30% of the dispensable genome. Most 288 

of the dispensable genes in the Lb. rhamnosus pangenome are annotated as hypothetical and 289 

it remains unknown what proportion of these would actually encode functional proteins (Kant 290 

et al., 2014). 291 

2.6 Lactobacillus plantarum  292 

Lactobacillus plantarum is present in many ecological niches ranging from vegetables, meat, 293 

dairy products and gastro-intestinal tract. Apart from a prominent role in fermentations such 294 

as sourdough (Corsetti and Settanni, 2007), strains of this species are present in dairy 295 

fermentations and non-starter flora (Settanni and Moschetti, 2010; Gobbetti et al., 2015). 296 

Besides that, they are well known for their probiotic characteristics (Siezen and van 297 

Hylckama Vlieg, 2011). To date, 114 genome sequences are publically available, with 18 298 

completely sequenced genomes. The genome of this species is one of the largest in the 299 

Lactobacillus group, with a size of approximately 3.4 Mbp, and a GC content of 44.4%. In an 300 

extensive study, 185 isolates from different environments were phenotypically characterized, 301 

and based on the observed phenotypic diversity, a set of 42 candidates were selected for 302 

genomic analysis (Siezen et al., 2010). The core genome of Lb. plantarum was found to 303 

comprise 2050 - 2200 genes. Approximately 120 fully conserved genes were unique to Lb. 304 

plantarum. Many of the unique genes encode hypothetical proteins, while some genes encode 305 

functions that could be used for phenotyping. The two candidates are a conserved cluster for 306 

tartarate and sulfur uptake and metabolism, which are associated with plant habitats (Siezen 307 

et al., 2010). The reference genome WCFS1 itself has over 50 genes not found in any of the 308 

other selected strains isolated from different environments. Most notable are three gene 309 
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clusters encoding exopolysaccharide, a putative macrolide and a non-ribosomal synthesized 310 

hybrid peptide-polyketide, all of which take part in the interaction with environment. They 311 

were most likely acquired in a recent evolutionary event due to their GC content, suggesting 312 

adaptations necessary for survival in a specific niche (Siezen et al., 2010). Apart from these 313 

50 genes, all other strains were estimated to lack between 9% and 20% of genes present in the 314 

reference genome, WCFS1. These genes are mainly organised in functional gene clusters, or 315 

cassettes as parts of operons and they encode prophages, restriction/modification systems, 316 

exopolysaccharide, bacteriocin and non-ribosomal peptide biosynthesis and carbohydrate 317 

utilisation components and are located on genomic islands (described in details in the next 318 

section) (Siezen et al., 2010; Siezen and van Hylckama Vlieg, 2011).  319 
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3. Niche adaptability of lactobacilli 320 

The widespread dissemination of members of the lactobacilli in different environments 321 

testifies to their extraordinary niche adaptability. Lactobacilli are present in grass and on 322 

plant material, in dairy products, on human skin, in the mouth, intestine and in the female 323 

reproductive system (Claesson et al., 2007), habitats with many contrasting environmental 324 

conditions (temperature, pH value, available nutrients, and competing microorganisms). 325 

Comparative genomic analysis has revealed that adaptation to such highly variable 326 

environments is a result of genome evolution and the genetic basis for niche specialisation 327 

appears to be the result of eliminating anabolic systems that are not needed through 328 

adaptation to nutritionally rich habitats, such as milk. On the other hand, in all LAB, 329 

including lactobacilli, duplications of genes coding for transporters and metabolism of 330 

carbohydrates, amino acid transporters and peptidases occurred, further enhancing the ability 331 

of these species to live in nutrient-rich environments (Fig. 1a) (Douglas and Klaenhammer, 332 

2010; Makarova and Koonin, 2007; Mayo et al., 2008).  333 

3.1 Horizontal gene transfer (HGT) is the main pathway of niche adaptability in 334 

lactobacilli 335 

Although gene loss and acquisition, which are the principal events resulting in niche 336 

adaptation, occur in different ways, HGT via bacteriophages, transposons and other mobile 337 

elements appears to be an especially dominant force of adaptation to novel environments in 338 

Lactobacillus species (Broadbent et al., 2012), and it is responsible for various genome 339 

rearrangements (Rossi et al., 2014). Such events have made the LAB amenable to adaption to 340 

different habitats, including milk and other food matrices, plant material, and GIT. 341 

Transposons and plasmids present the main mechanism of gene exchange that occurs 342 

amongst different taxonomic groups that do not possess strictly controlled 343 

restriction/modification systems (Rossi et al., 2014). Both niche specialists and generalists 344 
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have undergone multiple genetic changes which have led to restriction or broadening of the 345 

possible habitats in which these strains could survive. 346 

Apart from the traditional classes of mobile genetic elements (plasmids and prophages), 347 

structures acquired by the host bacteria through HGT comprising mobile elements and genes 348 

contributing to the ability of the host to adapt to specific conditions of habitat, are known as 349 

genomic islands (GI) (Bellanger et al., 2014). The first record of “lifestyle adaptation” islands 350 

in Lactobacillius was in the genome of Lb. plantarum WCFS1, where numerous genes 351 

involved in sugar transportation and metabolism are grouped together in a region 352 

characterised by lower GC content (41.5%) than the rest of the genome (44.45%), suggesting 353 

recent acquisition by HGT (Kleerebezem et al., 2003). Apart from strong overrepresentation 354 

of genes involved in energy metabolism, regulatory proteins coordinating sugar metabolism 355 

are also present on GI (Molenaar et al., 2005). In strain Lb. helveticus DPC4571, a number of 356 

amino acid metabolism genes along with lipid biosynthesis genes were also identified in a 357 

region characterised with higher GC content (42% compared to 37% in the rest of the 358 

genome) and insertion sequences flanking this region suggest a recent transfer of this GI 359 

(Callanan et al., 2008). One of the GI of Lb. casei BL23 carries genes for catabolism of 360 

myoinosytol, a cyclic polyol not commonly metabolised by LAB and potentially present in 361 

degrading plant material (Yebra et al., 2007, Cai et al., 2009). Genomic islands of Lb. casei 362 

ATCC 334 encode hypothetical proteins and transcriptional regulators, sugar transporters and 363 

metabolic enzymes and are characterised by high prevalence of insertion sequences, 364 

recombinases, integrases with higher GC content supporting their recent acquisition and a 365 

heterologous origin (Cai et al., 2009). The 26 genomic islands of Lb. rhamnosus ATCC 366 

53103, isolated from the human gut, include six carbohydrate utilisation gene clusters, which 367 

seem to have secured the survival of the strain in a less nutritionally rich environment, such 368 
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as the human intestine (Toh et al., 2013). These examples of different genes present in GI 369 

confirm their importance for adaptation and survival in specific environmental conditions. 370 

3.2 Niche adaptation studies reveal lactobacilli as niche specialists  371 

Niche specialists can be described as strains that are able to live in a limited number of 372 

habitats, while niche generalists have the capacity to populate various environments. Genome 373 

analysis of dairy specialists show that these strains have an abundance of sugar 374 

transportation, proteolysis and amino acid transportation encoding genes, some of which have 375 

undergone duplication as they enable the organism to uptake nutrients from the rich milk 376 

environment (Makarova et al., 2006). On the other hand, substantial gene decay has been 377 

confirmed in some lactobacilli, such as in the dairy Lb. casei strains, which have more than 378 

120 CDS absent. As a result, these strains have improved their ability to survive in the dairy 379 

niche but have a reduced capacity for survival in other niches (Cai et al., 2009). In the 380 

genomes of dairy LAB, more than 10% of coding genes are present only as pseudogenes 381 

(Zhu et al., 2009), which are non-functional due to frameshifts, nonsense mutations, deletions 382 

or truncations (O'Sullivan et al., 2009). For example, the dairy isolate Lb. helveticus 383 

DPC4571 is reported to have 217 pseudogenes, while Lb. bulgaricus ATCC 11842 carries a 384 

staggering 533 pseudogenes coding for proteins involved in regulating amino acid and 385 

nucleotide metabolism and bile salt hydrolysis (Callanan et al., 2008; O'Sullivan et al., 2009). 386 

In contrast, species mainly present in the gut, such as Lb. acidophilus, Lb. gasseri, Lb. reuteri 387 

and Lb. johnsonii have either pseudogenes or a low abundance of pseudogenes, which is 388 

likely the genetic basis supporting survival of these species in the gut environment 389 

(O'Sullivan et al., 2009).  390 

Efforts have been made to find at least a partial correlation between genome characteristics 391 

and niche for such a versatile group as Lactobacillus. The study of O'Sullivan et al. (2009) 392 

compared the genomes of 11 LAB (ten Lactobacillus and one Streptococcus thermophilus) 393 
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arising from different sources. In total, nine genes were identified as niche determinative as 394 

they insured survival in the gut or dairy environments. These genes were grouped into four 395 

classes that could be used as niche-specific genes for gut and dairy LAB: sugar metabolism, 396 

the proteolytic system, restriction/modification systems and bile salt hydrolysis. In contrast to 397 

this study, Kant et al. (2011) did not reveal any niche-specific genes in a study that analysed 398 

20 genomes of 14 different Lactobacillus species. The possible cause of this observation is 399 

that the isolation source does not always correspond to the actual habitat, but rather a 400 

transient habitat (Fig. 1b), as some species, like Lb. plantarum can be found in various 401 

environments (Kant et al., 2011).  402 

Correlation between gene loss and niche adaptation was examined by growing nine Lb. casei 403 

strains from various isolation sources in chemically defined amino acid media supplemented 404 

with one of the substrates representing plant, gut or dairy habitats (Broadbent et al., 2012). 405 

The two cheese specialists had the most restricted substrate profiles, with no genes for inulin, 406 

sucrose or cellobiose utilisation present in their genomes, while the other strains used a 407 

higher number of different substrates, with corn silage isolates growing on 26 different 408 

substrates (Broadbent et al., 2012). In the study of Smokvina et al. (2013), niche affinity of 409 

Lb. paracasei was examined through utilisation of carbon sources as growth factors for a set 410 

of strains with diverse origins: plant, mammalian and dairy. The analysis revealed the 411 

clustering of seven out of the 16 dairy isolates that could be considered as niche specialists, 412 

which had smaller genomes compared to the others (2.8 Mbp average), limited numbers of 413 

sugar cassettes and an absence of genes involved in utilisation of plant-derived sugars. This 414 

was expected, as the spectrum of sugars in the dairy environment is narrow with lactose 415 

dominating. On the other hand, no clear clustering pattern was revealed for plant and 416 

mammalian isolates. Plant isolates originate from a broad range of ecosystems that differ in 417 

environmental and nutritional conditions, while mammalian isolates come from the gut where 418 
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they are exposed to constantly changing surroundings due to the presence of food and other 419 

microorganisms, and this complicates their precise grouping (Smokvina et al., 2013). 420 

Lactobacilli occupy habitats that differ considerably in environmental conditions. The dairy 421 

niche bacteria have to be robust enough to survive manufacture and storage conditions 422 

encountered during industrial production. In the gut, strains need to be able to survive in the 423 

presence of other intestinal microbiota and resist bile salts and other harsh conditions found 424 

in the gut (Senan et al., 2014). A genome-scale study based on genes involved in stress 425 

responses of the Lb. helveticus strains MTCC 5463 (probiotic strain isolated from a vaginal 426 

swab of a healthy volunteer, Senan et al. (2015)) and DPC4571 (a dairy isolate, Callanan et 427 

al. (2008)) gave an insight into genes responsible for adaptation to various environments 428 

(Senan et al., 2014). When comparing these two genomes for the ability of the strains to 429 

survive in a bile-rich environment, it was shown that the MTCC 5463 genome exhibited 430 

multiple coding sequences for bile salt hydrolase (bsh). However, the cheese starter 431 

DPC4571, adapted to a dairy niche, displayed a total lack of active bsh genes. The probiotic 432 

strain is exposed to other gut microbiota and in constant competition for successful 433 

colonisation and available nutrients. In order to survive in these conditions, it carries a higher 434 

number of starvation-induced genes. By contrast, while the dairy strain possessed some genes 435 

for starvation proteins, such as phosphate starvation inducible stress-related protein, it was 436 

deficient in the gene for the carbon starvation protein CstA. Both strains carried a substantial 437 

number of genes that allow response to heat and cold shock, but the molecular chaperones 438 

were far more prevalent in the probiotic genome (Senan et al., 2014). Another study 439 

performed on Lb. helveticus strains confirmed loss of genes encoding mucus-binding proteins 440 

from strains adapted to the milk environment, but confirmed their maintenance in probiotic 441 

strain R0052, where they are essential for survival and residence of the strain in the gut 442 

(Cremonesi et al., 2012). 443 
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Another noteworthy conclusion regarding niche adaptability was made when genome 444 

sequences of two strains, Lb. helveticus DPC4571 and Lb. acidophilus NCFM, were 445 

compared. The remarkable level of identity of 98% for 16S rRNA sequences was observed. 446 

Additionally, 75% of ORFs in DPC4571 were found in NCFM, which confirmed a close 447 

relationship between the two strains that inhabit significantly different environments (milk 448 

and gut). The genetic differences between these two strains were examined and they 449 

explained the genetic basis for niche specialisation. It was shown that the dairy strain lacked 450 

many genes that were retained in the probiotic strain, such as PTS systems, cell-wall 451 

anchoring proteins and the already mentioned mucus binding proteins (Callanan et al., 2008). 452 

In the previously mentioned study that analysed 100 Lb. rhamnosus strains, interesting 453 

observations regarding niche adaptability and clustering were made. Most dairy isolates 454 

clustered together, while intestinal and probiotic strains shared similarities with other human 455 

isolates. When both the phenotypic and genomic data of each strain were joined, two geno-456 

phenotypes were identified. Firstly, the strains in group A were characterised by the absence 457 

of SpaCBA pili, lactose, maltose and rhamnose metabolism all of which point to dairy 458 

adaptation. Secondly, group B strains were bile resistant, pili possessing and L-fucose 459 

utilising, all characteristics important for intestinal tract survival. Although isolates of the 460 

same origin could be found in both groups, cheese isolates mainly belonged to group A, 461 

while intestinal isolates belonged mainly to group B. Intestinal isolates in group A may have 462 

originated from the consumption of food and represent rather a transient flora, while isolates 463 

from group B represent typical GIT residents (Fig. 1b). Interestingly, vaginal and oral isolates 464 

shared geno-phenotype A, which suggests a connection with dairy isolates (Douillard et al., 465 

2013). Another study attempted to link genotypes and carbohydrate utilisation profiles of 65 466 

Lb. rhamnosus strains isolated from diverse habitats, such as human, baby and goat feces, 467 

cheese and fermented milk (Ceapa et al., 2015). Genomic fingerprinting was performed by 468 
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amplified fragment length polymorphism (AFLP) genotyping, and 11 genotypic groups were 469 

determined. Although not seen as a strict rule, strains of the same origin clustered together. 470 

Some clusters contained strains from various origins, indicating that these strains frequently 471 

change habitats (Fig. 1b). Conversely, some clusters had members of a single isolation niche, 472 

such as dairy. Following on from this, 25 isolates that represent all 11 clusters obtained by 473 

AFLP were tested for the carbon sources they could potentially use. Based on 72 carbon 474 

sources, three metabolic groups were determined, with group A including strains that could 475 

use plant derived carbohydrates, group B including strains with no ability to use lactose and 476 

group C containing strains that could use various carbohydrates. Although group B had no 477 

ability to use lactose, some strains isolated from cheese did belong to this group, where they 478 

were present as non-starter flora and had a role in proteolysis in the later stages of ripening. 479 

Interestingly, there was no direct correlation between metabolic groups and niche isolation, 480 

but strains coming from the same AFLP cluster appeared in the same metabolic group. This 481 

work again confirms that origin of isolation gives only an indication of potential metabolic 482 

capacity of the strain, but other approaches also have to be employed to fully understand 483 

strain fitness. For example, Lb. rhamnosus strain HN001 is present as a cheese isolate, but it 484 

has the ability to use 53 different carbon sources, which contradicts the general tendency of 485 

niche specialists to use a more narrow range of carbohydrates indicating that this strain was 486 

most probably very recently introduced into cheese environment. On the other hand, strain 487 

ATCC 53103 (GG) which originated from the intestine, belongs to a metabolically specialist 488 

group, possibly because it was transferred from dynamic environment such as GIT to more 489 

stable industrial habitat, which may have led to the metabolic simplification (Ceapa et al., 490 

2015). 491 

Finally, the effect of niche adaptation could be seen even within different dairy products. In 492 

the multi locus sequence typing (MLST) study of 11 housekeeping genes in 245 Lb. 493 
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helveticus isolates from natural fermented products, particular branches of isolates could be 494 

associated with the dairy product from which they originated (koumiss group, tarag group 495 

and coumiss-tarag group). These results suggest that even ecological niches representing 496 

different dairy environments may impact evolution of Lb. helveticus strains because genetic 497 

relationships are generally correlated with the ecological niches (Sun et al., 2015b).   498 
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4. A genomic perspective on key dairy traits: flavour formation and phage resistance 499 

The successful application of lactobacilli in the industrial environment depends on the 500 

robustness of selected strains and their ability to contribute to the desirable properties of the 501 

final product. Apart from their metabolic potential which affects the technological and 502 

organoleptic characteristics of dairy products, the ability of dairy lactobacilli to combat phage 503 

attacks which are frequent in dairy plants also contributes to the overall quality of product. 504 

Thus, a genomic perspective of these two features of dairy related lactobacilli will be 505 

discussed in more details.  506 

4.1 Diverse proteolytic and flavour formation abilities of dairy lactobacilli  507 

Flavour formation in dairy products is the result of a complex network of processes which 508 

ends in specific combinations of flavour compounds and aroma development. Three major 509 

processes contribute to flavour development: glycolysis, lipolysis and proteolysis (van 510 

Kranenburg et al., 2002; Smit et al., 2005; Settanni and Moschetti, 2010). Glycolysis refers 511 

mainly to the metabolism of lactose and citrate. While lactose, the primary milk sugar, is 512 

mostly metabolised to lactic acid, a proportion of it can be converted to flavour compounds 513 

such as diacetyl, acetoin, acetaldehyde, or acetic acid, depending on the organism (van 514 

Kranenburg et al., 2002). Certain organisms also have the ability to metabolise citrate. Citrate 515 

is generally metabolised to pyruvate, which can be further metabolised to acetoin in the final 516 

product (Medina de Figueroa et al., 2001; Mortera et al., 2013). Lipolysis in fermented milk 517 

products arises mainly from the activity of microbial lipolytic enzymes (Collins et al., 2003). 518 

Esterases hydrolyse hydrosoluble ester chains between 2 and 8 C atoms, and lipases are more 519 

active on longer ester chains (10 C atoms). Free fatty acids contribute to cheese flavour, 520 

particularly short and intermediate chain fatty acids, which represent the starting molecules 521 

for catabolic reactions resulting in the production of numerous flavour and aromatic 522 

compounds (Collins et al., 2003). Of all the metabolic processes responsible for flavour 523 
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development in dairy products, proteolysis is considered the most important and complex 524 

one, affecting texture, hardness, elasticity and the overall flavour of the fermented product 525 

(Savijoki et al., 2006). The proteolysis cascade starts with casein degradation by cell-526 

envelope proteinases (CEP, Prt). The peptides released in this processes are then transported 527 

in the cell, where peptidases with varying specificities cleave them, releasing amino acids. 528 

These amino acids are the substrates for various metabolic reactions, with aminotransferases 529 

being the first enzymes in the subsequent catabolic cascade. Diverse and numerous aromas 530 

are released in these reactions (aldehydes, ketones, carboxylic acids and volatile sulfur 531 

compounds) (Marilley and Casey, 2004). In this section, the genomics of the components of 532 

proteolytic system of Lactobacillus will be discussed, as proteolysis represents a critical 533 

process in flavour development in dairy products. 534 

Cell envelope proteinases (CEPs) are multi-subunit, cell wall associated proteinases and their 535 

main role during growth in milk is degradation of casein into smaller peptides (Sun et al., 536 

2015a). The importance of surface proteinases is made clear in studies that showed that 537 

knock-out strains lack the ability to grow in milk (Mayo et al., 2010).  538 

In an extensive study performed on the genomes of 213 Lactobacillus and associated genera, 539 

intriguing diversity in CEP characteristics was revealed (Sun et al., 2015a). In total, genes for 540 

60 CEPs were identified and presence of genes for CEPs was highly correlated with 541 

phylogenetic clades. Three different anchoring mechanisms were observed: a SLAP domain 542 

(S-layer anchoring domain) responsible for non-covalent interactions was present, 543 

particularly in the Lb. delbrueckii sub-clade; a LPXTG motif for covalent linkage to 544 

peptidoglycan and a derivative of the LPXTG motif. In thirteen cases, no anchoring domain 545 

for CEP was identified as sequences were terminated exactly before the typical start of the 546 

anchoring domain sequence. Multiple alignments indicated the sequences of these 13 CEPs 547 

differ from other CEPs along the entire length of the protein. Besides this, the possibilities of 548 
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various domain combinations in the CEPs enable a diversity of potential substrates to be 549 

utilised, resulting in a range of final products, which could contribute to improvement of 550 

dairy products flavour (Sun et al., 2015a).  551 

The vast majority of LAB have only one CEP, but for certain strains of Lb. helveticus, it has 552 

been confirmed through multiplex PCR analysis that at least four different proteinases exist 553 

(Broadbent et al., 2011) and four prt genes were described in the genome of Lb. helveticus 554 

CNRZ32 (Broadbent et al., 2013). The presence of a higher number of proteinases with 555 

different substrate and cleavage specificities could explain the efficiency of the Lb. helveticus 556 

proteolytic system. CEPs have different and complimentary properties and some strains could 557 

have acquired additional genes because they provide an adaptive advantage regarding milk 558 

protein hydrolysis (Genay et al., 2009). In the study by Broadbent et al. (2011), 51 Lb. 559 

helveticus strains were tested for presence of prt paralogs. The distribution of prt genes 560 

varied among Lb. helveticus strains and the most abundant gene was prtH3, which contradicts 561 

the study by (Genay et al., 2009) who found that prtH2 was in fact a ubiquitous gene in Lb. 562 

helveticus strains. The reasons for this contradiction are that sequences for prtH4 were not 563 

available, and prtH3 gene from DPC4571 strain was described as an allele of prtH2 564 

(Broadbent et al., 2011). From the dairy industry perspective, the diverse proteinase gene 565 

content in Lb. helveticus may be a crucial factor in determining the function and behaviour of 566 

these strains with regard to desired flavour formation (Broadbent et al., 2011). 567 

The correct maturation of CEP depends on the presence of the maturation proteins, PrtM. For 568 

instance, while Lb. helveticus CNRZ32 has 2 prtM paralogs designated as prtM and prtM2, in 569 

other analysed Lb. helveticus strains prtM was found only in strains that possessed prtH, and 570 

prtM2 was encoded in genomes of all tested strains. It has been proposed that prtM is needed 571 

for activation of prtH, and prtM2 is responsible for folding and activation of other prt 572 

paralogs (Broadbent et al., 2011). On the other hand, no prtM gene for this protein was found 573 
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in any of the 4 completely sequenced Lb. delbrueckii strains (Liu et al., 2012). However, the 574 

foldase protein (PrsA) involved in maturation of extracellular proteinase and folding and 575 

stability of subtilisins in Bacillus subtilis was detected. PrsA might be involved in maturation 576 

of PrtB, as PrsA from four Lb. delbrueckii strains were homologous with known PrtM 577 

proteins (Liu et al., 2012).  578 

Peptides released by the activity of CEP are transported by various transport systems inside 579 

the cell, where they are cleaved by peptidases of different activities, releasing amino acids. 580 

Several studies that took into consideration various LAB genomes concluded that the general 581 

peptidases (PepN, PepC, PepX) were widely distributed among Lactobacillus, including 582 

species of interest in dairy fermentation (Cai et al., 2009; Liu et al., 2010). A closer look 583 

suggests that PepN and PepX are encoded by single genes, but genes for other peptidases, 584 

such as PepC/E and PepO were detected as multiple copies in strains belonging to species 585 

generally seen as important for dairy industry, enabling higher adaption in habitat abundant in 586 

proteins and peptides (Cai et al., 2009).  587 

The diversity in peptidase content is observed on the same species level, where strains differ 588 

in numbers of peptidases and transport system components. Upon analysis of four fully 589 

sequenced genomes of Lactobacillus delbrueckii (ATCC 11842, BAA-365, 2038 and ND02), 590 

strain ND02 possessed the highest number of proteinase and peptidase genes, as well as the 591 

highest number of peptidase and amino acid transport systems. Intracellular peptidases 592 

showed some differences between the four strains, such as three unique peptidases in strain 593 

ND02. In the case of strain 2038, two cell surface peptidases EnlA and Pep-D4 were present 594 

as complete genes, indicating that this strain has a more powerful proteolytic capability and 595 

potentially produces more free amino acids than the other strains (Liu et al., 2012). All four 596 

sequenced strains possessed two complete Opp systems, but they differed in numbers and 597 

organisation of substrate binding protein OppA. The highest number of OppA genes was 598 
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found in the industrial strain 2038 and their products enable transport of different 599 

oligopetides (Liu et al., 2012).  600 

The next step in the protein degradation cascade is the metabolism of free amino acids, 601 

following which a large number of flavour compounds arise. Aminotransferases are the first 602 

enzymes in the cascade, transferring amino groups from amino acids to alpha-keto acids, 603 

most often alpha-keto glutarate. In a comparative study of enzymes involved in amino acid 604 

metabolism contributing to generation of flavour compounds in 21 genomes of different LAB 605 

species, (12 of which were lactobacilli), a homolog of the bcaT gene, coding for branched-606 

chain aminotransferase activity, was present in all Lactobacillus strains considered as 607 

important in dairy production, while a larger number of homologs for the araT gene, coding 608 

for aromatic aminotransferase activity, were usually present (Liu et al., 2008). The 609 

distribution of amino acid metabolising enzymes amongst starter and NSLAB including the 610 

species discussed in this review, were compared by Gobbetti et al. (2015), and it confirmed 611 

the diversity of the metabolic capability of lactobacilli and underlined the importance of 612 

genomic analysis as part of a knowledge-based approach to strain selection. 613 

Cysteine and methionine are precursors for the production of volatile sulfur compounds 614 

(VSCs) which are important flavour compounds that are found in many cheese varieties. The 615 

metabolism of sulfur containing amino acids is complex as multiple alternative metabolic 616 

pathways exist (Mayo et al., 2010). One of the enzymes involved in metabolism of 617 

methionine is cystathionine gamma lyase (CGL), which was found in several Lb. casei strains 618 

isolated from cheese and milk (Irmler et al., 2008). Two variants of the gene encoding CGL 619 

shared 81% of similarity and were named ctl1 and ctl2. Homologs of ctl1 and ctl2 were found 620 

in other LAB: Lb. helveticus, Lb. bulgaricus Lb. rhamnosus and S. thermophilus, but they 621 

were not present in three publicly available genomes of Lb. casei (ATCC 334, Zhang and 622 

BL23) and it is likely that these strains uptake sulfur-containing peptides and amino acids 623 
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from the environment (Irmler et al., 2009). Analysis of nucleotides upstream from a ctl gene 624 

cluster found an ORF encoding for a putative transposase, supporting the possibility of 625 

horizontal transfer of the cluster to Lb. casei strains. The gene cluster forms an operon 626 

important in cysteine biosynthesis, as its expression was downregulated when L-cysteine is 627 

added to the medium (Bogicevic et al., 2012). Furthermore, when these strains were used in 628 

cheese production, significantly higher levels of VSC were detected at the end of ripening 629 

(Bogicevic et al., 2013). 630 

Glutamate dehydrogenase (GDH) is an enzyme that acts as a cofactor for aminotransferase 631 

function, as it enables recycling of alpha-ketoglutarate, the receptor of the amino group 632 

during transamination. When genomes of 12 species of Lactobacillus were analysed, the 633 

presence of a gdh gene was confirmed only in Lb. plantarum WCFS1 and Lb. salivarius 634 

UCC118 (Liu et al., 2008), which agrees with the strain dependency of gdh presence and 635 

higher prevalence in natural strains commonly found in cheese manufacture (Tanous et al., 636 

2002). However, the majority of Lb. casei, Lb. rhamnosus and Lb. plantarum genomes 637 

possess the gdh gene (Gobbetti et al., 2015), but no gdh gene was found in any of the 638 

sequenced Lb. delbrueckii strains (Liu et al., 2012; Gobbetti et al., 2015). Nevertheless, two 639 

genes encoding proteins homologous to aspartate aminotransferase were found in Lb. 640 

delbrueckii and which could potentially catalyse the formation of glutamate from 2-641 

oxoglutarate and L-aspartate (Liu et al., 2012).  642 

Collective data from genomic analysis of dairy-related strains present a first step in 643 

knowledge based strain selection. The insight into the number and characteristics of genes of 644 

interest enables strategic choice of cultures for dairy manufacture. Besides that, selection of 645 

strains with variable key enzyme presence and activities opens the possibilities for 646 

development of products with diverse flavour and broadens the overall portfolio offered to 647 

the final customer. 648 
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4.2 CRISPR regions of dairy-related lactobacilli  649 

Bacteriophages present a serious problem in dairy industry affecting continuity of quality for 650 

the final product as they affect survival of starter and adjunct cultures in the fermentation 651 

process. Although huge efforts are made to prevent and control phage levels, phage infections 652 

regularly cause disruptions in production and product downgrading (Marco et al., 2012). 653 

Several mechanisms of phage resistance were previously described for lactic acid bacteria 654 

and they include prevention of phage adsorption, blocking the entry of phage DNA, cutting 655 

phage nucleic (restriction/modification systems) acid and abortive infection (Garneau and 656 

Moineau, 2011). However, recently, a new system that enables effective resistance to phage 657 

attacks was discovered, and it was shown that this system was almost universally present in 658 

bacteria, including LAB. CRISPR (clustered regularly interspaced short palindromic repeats), 659 

together with CRISPR-associated genes (cas) form a bacterial immune system against foreign 660 

DNA, such as phage or plasmids (Barrangou and Horvath, 2012). The typical CRISPR locus, 661 

located behind the leader sequence, contains a string of DNA repeats and spacers, which 662 

represent short sequences corresponding to foreign DNA inserted between two repeats 663 

(Deveau et al., 2010). The efficient defence from foreign DNA attack involves the 664 

incorporation of short sequences of foreign DNA in CRISPR loci (acquisition) (Fig. 2a). In 665 

the event of foreign DNA being present in the cell, these short sequences are transcribed into 666 

small interfering RNAs, called CRISPR RNA (crRNA), which guide multifunctional protein 667 

complexes to recognise and cleave matching foreign DNA (Fig. 2b) (Barrangou and Horvath, 668 

2012).  669 

Two genes, cas1 and cas2, are regularly present in CRISPR-Cas systems, and they are 670 

involved in the acquisition process (Barrangou, 2013). Based on the signature genes which 671 

confer interference, three types of CRISPR-cas systems are well described. Type I systems 672 

have cas3 as the signature gene, which encodes an endonuclease involved in the cleavage of 673 
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DNA. Another feature of this type is the Cascade complex, participating in processing of 674 

crRNA and recognition of target DNA. The signature gene of Type II systems is cas9, which 675 

encodes a protein important for the crRNA synthesis and target DNA cleavage. Specificity of 676 

Type II systems is trans-activating CRISPR RNA (tracrRNA) that hybridizes to crRNA and 677 

enables its maturation by endoribonuclease RNAse III. Type III systems are defined by the 678 

signature gene cas10 and they are mechanistically diverse, with IIIA systems cleaving DNA 679 

and IIIB systems cleaving RNA molecules (Barrangou, 2013; Selle and Barrangou, 2015). 680 

Besides these three systems, novel types (IV, V and VI) were discovered more recently 681 

(Wright et al., 2016). 682 

In LAB, eight different families of CRIPSR loci were found and these families did not 683 

correlate with phylogeny of LAB indicating their independent evolution from other elements 684 

on the chromosome. The analysis of CRISPR loci at the level of the LAB showed that highly 685 

similar loci were found in distant genera and species. This could be explained by HGT and 686 

indeed, these loci have different GC content compared to the rest of the host genome. 687 

Interestingly, the comparison of CRISPRs of two closely related species, Lb. helveticus and 688 

Lb. casei, showed that they belong to different families, once again confirming the high level 689 

of variability of these regions (Horvath et al., 2009). 690 

In the analysis of 213 genomes of Lactobacillus and associated genera, 137 CRISPR loci 691 

were found in 63% of all analysed genomes. All three types of systems were found in 692 

Lactobacillus and the size of loci varied between 2 and 135 spacers. Type II systems were 693 

found to be the most prevalent (36% of analysed genomes). In addition, novel Type II 694 

systems with heterogeneous cas9 sequences were detected, and their potential use could be as 695 

tool for specific DNA cleavage in genome editing in both prokaryotes and eukaryotes (Sun et 696 

al., 2015a). 697 
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CRISPR profiles of 100 Lb. rhamnosus strains were generated by spacer oligotyping, a 698 

method firstly described by Kamerbeek et al. (1997), and a considerable level of strain 699 

variety was revealed (Douillard et al., 2013). Additionally, in certain cases, correlation 700 

between CRISPR loci and specific niche was observed. In total, 24 spacers were identified 701 

from both plasmids and phage DNA. Spacers that corresponded to phages belonged to Lb. 702 

rhamnosus phages or Lb. casei phages. The study defined two general geno-phenotypes 703 

(discussed above) and the CRISPR locus profiles were substantially different in these two 704 

groups (Douillard et al., 2013). A comparative study of CRISPR in Lactobacillus delbrueckii 705 

ssp. bulgaricus that took into consideration 33 strains showed that these strains possessed 706 

either Type II or Type III CRISPR systems (Urshev and Ishlimova, 2015). However, in the 707 

genome of recently sequenced strain CFL1 both CRISPR types (II and III) were present 708 

simultaneously (Meneghel et al., 2016).  709 

As described previously, Lb. casei represents a highly genomically diverse species of 710 

lactobacilli, while Lb. acidophilus is characterised by remarkable genome stability. These 711 

differences are also apparent in the comparison of CRISPR systems in the two species. The 712 

CRISPR spacers of Lb. casei show a high level of variability and homology to Lactobacillus 713 

phages and plasmids. It was noted that strains isolated from commercial cheeses possess 714 

higher numbers of spacer sequences highlighting potential interactions with phage in the 715 

dairy manufacturing environment (Broadbent et al., 2012). Conversely, CRISPR loci of Lb. 716 

acidophilus show striking stability. When CRISPRs of La-14 and NCFM were compared, a 717 

high level of identity was observed, and similar sequences were found in strain ATCC 4796 718 

(Stahl and Barrangou, 2013). In addition, CRISPR loci of 20 Lb. acidophilus strains also 719 

showed stability and uniformity (Bull et al., 2014). This may suggest that Lb. acidophilus has 720 

not recently encountered phage attack, as this species does not encode for an active phage and 721 

there is no recent report of validated phages of this species. The fact that Lb. acidophilus is 722 
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resistant to phage attack supports its wide and successful commercial application (Bull et al., 723 

2014).  724 

4.2.1 Applications of CRISPR systems 725 

Analysis of the CRISPR loci present in strains provides the evidence of previous phage 726 

interaction and opens possibilities for enhancing phage resistance of industrial strains. A 727 

potential strategy would be to improve the CRISPR systems both in resistance level and 728 

spectrum, which would contribute to the robustness of the industrial strains. This could be 729 

achieved by selecting CRISPR mutants after repeated exposure to different phages selected 730 

from a diverse collection. Mutants with novel spacers with high homology to conserved 731 

phage sequences could be used in culture rotation schemes of dairy strains. Another benefit 732 

of mutant selection, as described by Barrangou and Horvath (2012), is the development of 733 

tagging system for proprietary strains (Barrangou and Horvath, 2012).  734 

Due to their hypervariability in spacer regions, CRISPR loci could be used in strain typing 735 

studies, as nearly identical strains could be distinguished, and this typing has already been 736 

performed for pathogens such as Mycobacterium tuberculosis or Yersinia pestis, as well as 737 

for industrially important LAB (Barrangou and Horvath, 2012). High level of diversity in 738 

CRISPR loci represents a basis for comparative analysis of strains originating from different 739 

habitats, and it may be used in phylogenetic relationship studies (Horvath et al., 2009).  740 

Genome editing represents a novel and elegant approach that has revolutionised the idea of 741 

genetic engineering. This approach was inspired by the mechanism of action of Type II 742 

CRISPR systems, where crRNA introduces double-stranded DNA breaks (DBS) of invading 743 

DNA (Jiang and Marraffini, 2015). DBS and targeted genome editing was successfully 744 

performed by adapting the Type II CRISPR system from Streptococcus pyogenes (Jinek et 745 

al., 2012). For the genome engineering process, two components have to be present in the 746 

cell: Cas9 nuclease that makes the DBS and a guide RNA, a chimeric molecule combined of 747 
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crRNA and tracrRNA that leads the Cas9 to a specific DNA site (Fig. 2c). The DNA break 748 

can be followed by non-homologous end joining which induces indels, or homology-directed 749 

repair that introduces site-specific insertion from DNA donor templates (Sander and Joung, 750 

2014). This simple and highly specific approach has moved the boundaries of genetic and 751 

biochemical research, and it is almost ideal for genome editing applications due to its 752 

efficiency and affordability (Selle and Barrangou, 2015).   753 
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5. Genome scale metabolic models and metabolic engineering of Lactobacillus species 754 

While comparative genomic studies represent the starting point for advancing our 755 

understanding of the evolution, diversity and metabolism of LAB, systems biology 756 

approaches, which combine mathematical modelling with ‘omics’ information, can predict 757 

how cells will behave and what modifications could be made to improve their performance 758 

(King et al., 2015). An example of this are genome-scale metabolic models (GSMM), which 759 

represent a catalogue of all the metabolic reactions and their associations in a single organism 760 

from gene to final metabolic process based on merging information about gene functions, the 761 

biochemical reactions in which the product is involved and theoretical background (Teusink 762 

et al., 2011). GSMMs connect the genotypic and phenotypic data and combine with 763 

transcriptomic, proteomic and metabolomics data (Steele et al., 2013). Some of applications 764 

of GSMM constructed for LAB include design of metabolic engineering experiments, 765 

detection of differences between the strains and testing of characteristics of potential 766 

probiotic strains (Vinay-Lara et al., 2014). From the perspective of the dairy lactobacilli, the 767 

development of such models could be of immense importance for desired product design 768 

(Steele et al., 2013) and metabolic engineering projects (Gaspar et al., 2013) (Fig. 3). 769 

The metabolic network of an organism is based on genomic information, and this network 770 

connects the information of genes and the metabolic reactions they are involved in (Lewis et 771 

al., 2012). After detailed revision and correction of the (genome-scale) metabolic model, it is 772 

then transformed to a stoichiometric matrix, which is a mathematical representation of 773 

metabolic reactions. The purpose of this step is to convert GSMM to a computational one 774 

(O'Brien et al., 2015). Constraint-based reconstruction and analysis (COBRA) models are the 775 

most widely used in GSMM analysis (Lewis et al., 2012). Flux Balance Analysis (FBA) is 776 

the oldest, most basic and commonly used COBRA method (Lewis et al., 2012; O'Brien et 777 

al., 2015; Orth et al., 2010) for simulating GSMM. Detailed explanation of how FBA 778 
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operates can be found in Orth et al. (2010). Flux variability analysis (FVA), introduced by 779 

Mahadevan and Schilling (2003), modifies the FBA approach as it considers the effect of 780 

metabolic uncoupling. FVA determines, for each reaction in the model, the range of possible 781 

fluxes that correspond to experimental values of constraints (Smid and Hugenholtz, 2010). 782 

Lc. lactis was the first LAB to have a genome-scale model constructed (Oliveira et al., 2005), 783 

followed by Lb. plantarum, (Teusink et al., 2006) and Streptococcus thermophilus (Pastink et 784 

al., 2009) and most recently, Lb. casei (Vinay-Lara et al., 2014; Xu et al., 2015). Here, we 785 

will review the most important findings of models designed for some species of 786 

Lactobacillus.  787 

The GSMM of Lb. plantarum WCFS1 was used to compare a traditional view of ATP 788 

production from lactate and acetate and ATP production based on the constraints approach 789 

when experimental constraints were applied. The traditional approach has certain 790 

disadvantages as it takes into account lactate and acetate production in other metabolic 791 

processes which do not contribute to ATP yield, like amino acid or citrate metabolism. After 792 

comparison of ATP production in both approaches, the same result was obtained in both 793 

cases, meaning that the effects of amino acid and citrate metabolism were not crucial. 794 

Additionally, the model identified catabolic reactions such as transamination of aromatic and 795 

branch-chained amino acids to generate ATP. These reactions are seen as a major factor in 796 

flavour development, but have not been previously connected with ATP production. Further 797 

on, the model attempted to assess the effect of uncoupling on metabolic capacities. FVA was 798 

used to calculate the spectrum of flux values consistent with the experimental constraints and 799 

showed higher flexibility of the flux ranges for the uncoupled energy production and 800 

consumption. However, FBA was not able to correctly predict Lb. plantarum biomass 801 

production, as it did not take into account inefficient lactate production. FBA predicted 802 

higher growth, as it detected lactate production as incompatible with optimised growth. In 803 
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reality though, Lb. plantarum produces lactate and tends to utilise a route that is less efficient 804 

even under limited energy conditions, and this event cannot be predicted by FBA, which 805 

proposed higher yield as a result of mixed acid fermentation (Teusink et al., 2006).  806 

The study by Vinay-Lara et al. (2014) compared metabolic networks from two Lb. casei 807 

strains that are fully sequenced, ATCC 334 and 12A. FBA was used to analyse the properties 808 

and capabilities of both models. Both tested strains have similar amino acid requirements - 809 

branched-chain and aromatic amino acids and arginine are essential. It is most likely that the 810 

rich environment (cheese and corn silage) that these strains were isolated from reduced the 811 

need for synthesising all amino acids. Although models initially did not predict glutamate as 812 

an essential amino acid, excluding this amino acid from the culture medium significantly 813 

reduced the growth of ATCC 334 and resulted in no growth for 12A. However, in both 814 

metabolic models glutamine can be converted into glutamate, and the experimental studies 815 

suggested that this interconversion of glutamate to glutamine results in low yields of 816 

synthesised glutamate, thus explaining why glutamate is needed even in the presence of 817 

glutamine. A correction of the metabolic pathway was possible in the case of ATCC 334, but 818 

fixing the inconsistency in 12A was not successful, and the model was not unable to 819 

determine the strain’s requirements for glutamate. Carbohydrate utilisation analysis of these 820 

strains once again confirmed the hypothesis of gene decay during adaptation to nutrient rich 821 

environments. Strain 12A, isolated from corn silage (Cai et al., 2007) possesses an ABC 822 

transporter for uptake of raffinose and enzymes needed for pullulan and panose degradation, 823 

sugars frequently present in plant material. On the contrary, ATCC 334, a cheese isolate, 824 

lacks these genes as they are most likely redundant in the dairy environment. Interestingly, 825 

the metabolic model for strain 12A shows that all the genes for converting myoinositol to 826 

glyceraldehyde-3-phosphate are present. Myoinositol can be used as phosphate storage 827 

molecule in plants. Although the majority of LAB cannot use this sugar as carbon source, 828 
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strain 12A has all the genes needed for conversion of myoinositol, but this metabolic pathway 829 

is not active in 12A probably due to regulatory effects (Vinay-Lara et al., 2014). In other Lb. 830 

casei models it was shown that, in silico growth of Lb. casei LC2W was improved by 831 

myoinositol under aerobic conditions, suggesting that this strain could utilise energy sources 832 

that seemed inappropriate under anaerobic conditions (Xu et al., 2015).  833 

A genome-scale metabolic model of Lb. casei LC2W was used for the analysis of the oxygen 834 

effect on flavour compound synthesis and three new in silico knockout targets were selected 835 

for acetoin production. In Lb. casei LC2W, the main precursor of flavour compounds is 836 

alpha-acetolactate. Acetoin and diacetyl are produced from alpha-acetolactate by 837 

acetolactate-decarboxylase or through non-enzymatic processes. Although acetoin could 838 

accumulate in LC2W in both aerobic and anaerobic conditions, production of diacetyl was 839 

dependent on oxygen and it was possible to maintain diacetyl production at a high level with 840 

the increase of oxygen uptake. Additionally, FBA suggested three new in silico knockout 841 

targets for acetoin production: dihydrofolat-reductase, methylen-tetrahydrofolate-842 

dehydrogenase and glycerol-phospho-transferase (Xu et al., 2015).  843 

Regarding the flavour potential of LAB, a completely different approach was recently 844 

proposed. As seen, GSMM contain numerous gaps which cannot always be completed. 845 

Although there are many known pathways involved in flavour formation, the overall process 846 

of flavour development is highly complex. Compounds that are often seen as flavour 847 

contributors are products of amino acid metabolism: alcohols, aldehydes and acids, and 848 

especially sulfur compounds, products of methionine metabolism (Curioni and Bosset, 2002; 849 

Smit et al., 2005; Yvon, 2006). Reverse pathway engineering (RPE) (Liu et al., 2014) takes 850 

small molecules as a starting point and looks for enzymatic or chemical reactions that can 851 

track these compounds back to the known precursors. This method was used in LAB to 852 

predict so far unknown reactions in metabolic pathways by combining retrosynthesis and 853 
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genomic information. To confirm that the proposed approach is correct, the relatively well-854 

known pathway of leucine degradation in LAB was tested in the model. Not only were the 855 

main branches confirmed, but it also suggested a novel route of generating 3-methyl 856 

butanoic acid, one of the most important flavour compounds of leucine metabolism. This 857 

novel route starts with the transamination product of leucine, alpha-keto-isocaproat, which is 858 

further reduced to alpha-hydroxy-isocaproate. The second step suggests formation of 3-859 

methyl butanoic acid from alpha-hydroxy-isocaproate, and the related reaction found in the 860 

database was a lactate oxidation reaction catalysed by lactate-2-monoxygenase (LOX), so it 861 

was assumed that LOX could possibly catalyse oxidation of alpha-hydroxy-isocaproate. 862 

Broader activity of LOX seems to be dependent on the amino acid at position 95 and it could 863 

be obtained if alanine in position 95 was mutated to glycine (detailed explanation in Liu et 864 

al. (2014)). The RPE method also revealed a non-enzymatic reaction of converting alpha-865 

keto-isocaproate to 2-methyl propanal, and this reaction connects valine and leucine 866 

catabolism. Regarding the methionine degradation, RPE discovered an enzymatic reaction 867 

responsible for the conversion of methanethiol to dimethyl-sulfide (DMS), using DMS as an 868 

input. Enzymes homocystein-S-methyltransferase, methionine synthase and thiol-S-methyl-869 

transferase were proposed using the bioinformatics approach. The prediction of novel 870 

reactions using RPE opens up new possibilities for metabolic engineering. For example, 871 

hydroxy-isocaproat is often seen as an off-flavour in cheese products, but the proposed 872 

conversion to the flavour compound 3-methyl butanoic acid could be implemented in novel 873 

strategies for production of flavour by utilising off-flavours as precursors (Liu et al., 2014).  874 

5.1 Metabolic engineering as a future application of lactobacilli 875 

A vast amount of knowledge on genetics and metabolism of LAB opened the door for 876 

implementation of LAB in novel biotechnological applications (Gaspar et al., 2013). 877 

Application of LAB is not limited only to classical food fermentation and the use of LAB as 878 
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cell factories is expected to increase (Gaspar et al., 2013). LAB are characterised by limited 879 

biosynthetic capacity and metabolic versatility and their physiology is relatively simple. They 880 

are characterised by relatively small genomes (2-3 Mbp), fast growth, high sugar uptake rates 881 

and less high-level control systems, all of which make them suitable candidates for metabolic 882 

engineering (Papagianni, 2012; Gaspar et al., 2013). Genetic engineering made possible the 883 

production of molecules not natively present in the host, but also enabled engineering of 884 

native genes (Keasling, 2012). Genetic engineering proved successful in the development of 885 

strains producing recombinant proteins and small chemicals, but development of tools that 886 

exceed genetic engineering is needed, as some molecules are synthesised in multiple 887 

reactions (Bution et al., 2015). Metabolic engineering summarizes previous knowledge 888 

regarding cell metabolic features and it uses molecular tools to deliberately change cellular 889 

metabolism for the purpose of the efficient production of target molecules (Bution et al., 890 

2015) (Fig. 3). However, the host cell needs to meet several requirements to ensure efficient 891 

metabolic engineering occurs. Host cells should be genetically stable, not interfering with 892 

heterologous genes on the introduced vector, and have optimal traits for industrial 893 

applications. Apart from these, genomic information can help in the choice of host, as new 894 

pathways can induce stress response and impede gene expression (Keasling, 2012). 895 

Metabolic engineering of lactic acid bacteria presents a novel approach for re-routing 896 

metabolic reactions in LAB so specific and desired compounds are produced in higher 897 

amounts. Several different types of molecules can be produced by LAB as cell-factories: 898 

lactic acid, flavour compounds (diacetyl, acetaldehyde), sweeteners (L-alanine, mannitol, 899 

sorbitol, xylitol), exopolysaccharide, vitamins etc. (Papagianni, 2012). Historically, the first 900 

attempt of engineering of LAB was oriented towards improving production of the bitter 901 

aroma compound diacetyl in Lc. lactis. Subsequently, many other studies expanded the 902 

species of LAB that were subject to engineering as well as the types of molecules produced. 903 
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Several recent review articles (Papagianni, 2012; Gaspar et al., 2013; Mazzoli et al., 2014) 904 

give detailed information about achievements in production of industrially important 905 

compounds in LAB. Production of food ingredients, commodity compounds, vitamins and 906 

ethanol are thoroughly reviewed with methods of engineering and future perspectives 907 

anticipated. Besides this, metabolic engineering is used as a tool for improvement of 908 

adherence and immunomodulatory properties of probiotic strains (described and reviewed in 909 

Yebra et al. (2012)). While most of results come from Lc. lactis as most widely used LAB, 910 

novel information comes from Lactobacillus species as well. Here we review studies 911 

performed on strains of Lactobacillus spp. mainly associated with dairy food.  912 

Lactic acid is used as a preservative and flavour enhancing agent by the food industry, and 913 

also in cosmetic and pharmaceutical industries (Papagianni, 2012). In addition, L-lactic acid 914 

is used as the starting material in the production of biopolymers (Gaspar et al., 2013). Unlike 915 

chemical synthesis, which often leads to racemic mixture of L- and D-lactic acid, microbial 916 

fermentation can be optimised for production of a single enantiomer (Gaspar et al., 2013). 917 

The L-isomer is a preferred for two reasons: D-isomer is not metabolised in humans and has a 918 

toxic effect and L-isomer polymerises which is important in polymers production (Kyla-919 

Nikkila et al., 2000; Papagianni, 2012). The initial attempts to influence lactic acid 920 

production in lactobacilli date in 1990’s, when the enhancement of L-lactic acid was achieved 921 

by the inactivation of ldhD in Lb. helveticus (Bhowmik and Steele, 1994), but the 922 

overexpression of ldhL in Lb. plantarum did not cause an increase of L-lactic acid synthesis, 923 

although increased activity of L-LDH was observed (Ferain et al., 1994). More recently, 924 

selective L-lactate production was tested in Lb. helveticus CNRZ32 and two approaches were 925 

used (Kyla-Nikkila et al., 2000). The promoter of the ldhD gene was deleted in the construct 926 

GRL86 while in the other construct, GRL89, the structural gene of ldhD was replaced with an 927 

additional copy of the structural gene of ldhL. Both constructs produced only L-lactic acid in 928 
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amounts that were on the level of total lactate produced by the wild type strain and no 929 

difference in growth profiles for either construct was observed compared to the wild strain. 930 

Additionally, the L-lactic acid production phase of mutant strains was prolonged compared to 931 

the wild strain (Kyla-Nikkila et al., 2000). 932 

Ethanol represents an important biofuel and the high demand for renewable energy sources 933 

puts efficient ways of ethanol production in focus (Mazzoli et al., 2014). Although many 934 

bacteria have low ethanol tolerance, some species of LAB, especially lactobacilli are 935 

relatively tolerant to high concentration of alcohols (Mazzoli et al., 2014). Initial efforts to 936 

enhance ethanol production were focused on the overexpression of heterologous genes 937 

encoding pyruvate decarboxylase (pdc) and alcohol dehydrogenase (adh), the enzymes 938 

responsible for conversion of pyruvate to ethanol. When pet operon, which carries pdc and 939 

adh genes from Zymomonas mobilis (Gram-negative bacteria) was used for the 940 

transformation of Lb. casei 686, the recombinant strains showed more than a two-fold 941 

increase in ethanol production (Gold et al., 1996). In a later study (Nichols et al., 2003), the 942 

pet operon was modified for expression in Gram-positive bacteria and several strains Lb. 943 

plantarum and Lb. casei were transformed. After glucose fermentations were carried out, 944 

some engineered strains showed higher ethanol production compared to the parental strains, 945 

but lactic acid was detected as a major metabolic product (Nichols et al., 2003). In the study 946 

of Liu et al. (2006), pdc gene from Gram-positive bacteria Sarcina ventriculi (Spdc) was 947 

expressed in ldh deficient Lb. plantarum TF103, which accumulated pyruvate. Three 948 

different promoters and native Spdc 5’ flanking sequences were fused with Spdc gene and 949 

introduced in T103. All constructs produced higher amounts of ethanol than the control 950 

carrying an empty vector, but they also produced significant amounts of lactate and the level 951 

was higher than in the control strain (Liu et al., 2006).  952 
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Sorbitol is a sugar alcohol largely used in the food industry as a sweetener (Gaspar et al., 953 

2013). It is poorly absorbed in small intestine and as it has low calorie value, is used in 954 

diabetic appropriate foods (Ladero et al., 2007), but also as a softener and texturing agent 955 

(Yebra et al., 2012). An attempt to construct sorbitol-producing LAB was performed by 956 

introducing the gutF gene coding for sorbitol-6-phosphate-dehydrogenase, into the lac 957 

operon of Lb. casei. The strain with the integrated gutF was named BL232 and the expression 958 

was controlled as in other lac genes. Additionally, a L-lactate-dehydogenase (ldhL) knockout 959 

of BL232 was constructed, and designated as BL233. Resting cells of both of these strains 960 

produced sorbitol from glucose, and the ldhL knockout showed higher production of sorbitol 961 

compared to BL232. It was proposed that ldhL inactivation leads to a higher NADH/NAD+ 962 

ratio and the cell uses this for the sorbitol production (Nissen et al., 2005). In further studies, 963 

metabolic engineering of Lb. casei led to a strain that could produce sorbitol without 964 

consequent uptake after glucose exhaustion, by introducing a mutation in the sorbitol-specific 965 

phospho-transferase system. Sorbitol producing Lb. casei were constructed through a series 966 

of transformations of strain BL232: deletion of ldh1 gene encoding the main lactate-967 

dehydrogenase (BL251) followed by deletion of gutB gene (BL283) involved in transport of 968 

sorbitol and subsequent mutation of the mannitol-1-phosphate-dehydrogenase (mtlD) gene 969 

(BL300). While mutant BL251 used sorbitol after glucose consumption, BL283 was not able 970 

to transport sorbitol and levels of sorbitol did not drop after glucose exhaustion. To avoid 971 

synthesis of mixed polyols (sorbitol and mannitol, as occurred in the study of Nissen et al. 972 

(2005)), a gene encoding mannitol-1-phosphate dehydrogenase was inactivated (BL300) and 973 

this knockout strain did not produce mannitol, and sorbitol production was doubled compared 974 

to BL283. In addition, the resting cells of BL300 were able to produce sorbitol from lactose 975 

in 1% supplemented MRS, especially at pH 5.5 and 4.75, but this conversion was less 976 

efficient than the conversion of glucose. Additionally, BL300 cells were able to produce 977 
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sorbitol as a sole polyol from whey permeate, a by-product of the dairy industry (De Boeck et 978 

al., 2010). 979 

In order to obtain Lb. plantarum producing sorbitol, a different approach was used. In the 980 

genome of Lb. plantarum NCIMB8826, two genes for the enzyme sorbitol-6-phosphate 981 

dehydrogenase (srlD1 and srlD2) were present. The two srlD coding regions were 982 

overexpressed in transformed Lb. plantarum strain VL103 which is lactate-dehydrogenase 983 

deficient. High sorbitol-6-phosphate-dehydrogenase activities as well as sorbitol levels were 984 

detected in the overexpressing strains VL103, while no activity could be detected in the wild-985 

type and VL103 strains harbouring the empty vector, used as a control strain. The deficiency 986 

in LDH was essential and LDH-positive control did not produce sorbitol under any of 987 

conditions examined (Ladero et al., 2007). 988 

Succinic acid is a starting block in synthesis of biodegradable plastic (Babu et al., 2013) and 989 

can be used as a food additive (Beauprez et al., 2010). In a study by Tsuji et al. (2013), 990 

production of succinic acid was examined in the previously described lactate-dehydrogenase 991 

deficient strain Lb. plantarum VL103. Three enzymes involved in succinic acid production: 992 

pyruvate-carboxylase (PC), phospho-enol-pyruvate (PEP) and malic enzyme (ME) were 993 

overexpressed in this strain, and all transformants showed increased activity of the 994 

corresponding enzyme, up to 2.4 fold in the case of PC. However, although PC 995 

overexpression was the most effective for succinic acid production in Lb. plantarum, a 996 

mutant with PEP enzyme overexpressed, exhibited a higher specific growth rate, compared to 997 

the two others, and seemed a better candidate for LAB succinic acid production, as PC 998 

overexpression was effective but slowed down the growth rate. Additionally, combined levels 999 

of succinic acid production were observed in mutants displaying overproduction of the two 1000 

enzymes and the co-expression of PC and PEP increased succinic acid yield and biomass 1001 

(Tsuji et al., 2013).  1002 
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Engineered Lb. casei were used to increase the production of diacetyl and acetoin from whey 1003 

permeate (Nadal et al., 2009). These two compounds have a buttery flavour and are used as 1004 

additives in the food industry (Yebra et al., 2012). The presence of the lactococcal aceto-1005 

hydroxy-acid synthase (ilvBN) gene and deletion of lactate-dehydrogenase gene (ldh) resulted 1006 

in an increase in diacetyl/acetoin synthesis from glucose, but strain with only ldh deletion 1007 

showed a similar result. By contrast, when the bacterial cells were exposed to lactose, strains 1008 

carrying the ilvBN gene showed four times higher production of the desired compounds. The 1009 

strain containing ilvBN and ldh mutations and a strain with additional pdhC (gene coding the 1010 

E2-dihydrolipoamide-acetyl-transferase, component of pyruvate-dehydrogenase complex 1011 

Pdh) mutation were used for whey permeate fermentations. Having found the most suitable 1012 

conditions for pH, the total amount of diacetyl/acetoin production was higher for the strain 1013 

with the pdhC mutation. Fed batch experiments with this strain were done with the addition 1014 

of whey permeate and yeast extract, but no further increase in diacetyl/acetoin concentrations 1015 

was observed, and it was proposed that higher concentrations of product might have 1016 

inhibitory effect. However, the amount of product obtained was still lower compared to 1017 

engineered Lc. lacits (Nadal et al., 2009).  1018 

Exopolysaccharides (EPS) have been widely used in food industry, as they impact on the 1019 

texture of food products, but they have also been shown to possess prebiotic characteristics 1020 

(Papagianni, 2012). The EPS production levels in LAB are relatively low, and there have 1021 

been several attempts to increase its production, mainly in Lc. lactis (for review see Gaspar et 1022 

al. (2013)). In an attempt to increase EPS production in Lb. casei, the effects of cofactors 1023 

involved in EPS biosynthesis were investigated. The gene encoding NADH-oxidase (nox), 1024 

from Streptococcus mutans, was cloned and overexpressed in Lb. casei LC2W. The strain 1025 

obtained grew slower than the wild type, but showed 46% increase in EPS production (Li et 1026 

al., 2015b). Furthermore, several other genes believed to be involved in EPS production were 1027 



46 

chosen from different Lactobacillus strains (Lb. plantarum, Lb. casei and Lb. rhamnosus) and 1028 

their effect on EPS biosynthesis was tested. The genes tga (trans-glutaminase), pfk (phospho-1029 

fructokinase), pgm (phospho-glucomutase), galtf (galacto-transferase), rhatf (rhamnosyl-1030 

transferase), rfbB (dTDP-glucose-4,6-dehydratase) and galT (galactose-1-phosphate-urydil-1031 

transferase), and previously described nox (NADH-oxidase), all involved in various steps of 1032 

EPS production were successfully cloned and overexpressed in Lb. casei LC2W. Although 1033 

recombinant strains had slower growth rates, some of them showed the positive effect of 1034 

overexpressed genes (pfk, rfbB and galT) on EPS production (Li et al., 2015a), but lower than 1035 

for the previously described nox mutant. Besides that, the nox-mutant was shown to produce 1036 

EPS in higher amounts in aerobic conditions, although growth was less than in anaerobic 1037 

conditions. In aerobic conditions, the strain with overexpression of NADH oxidase reduced 1038 

used more NADH and produced lower amounts of lactate, all of which led to the increased 1039 

EPS production (Li et al., 2015a).  1040 

The question remains, however, would engineered bacteria be acceptable for direct use in 1041 

food production. According to the current EU legislation (Directive 2009/41/EC of the 1042 

European Parliament and of the Council), a genetically modified microorganism (GMM) is 1043 

any microorganism that has foreign DNA introduced in a way that does not occur naturally. 1044 

Many of these modified bacteria could potentially be used in dairy food production where 1045 

they could contribute to flavour and texture or fermented products containing these LAB 1046 

could be used as a vehicle for probiotic delivery. However, these foods would have GMO 1047 

status and fall under specific legislation, and guidelines for their applications have been 1048 

proposed (European Food Safety Authority, 2011). It also raises issues in applicability and 1049 

market potential as well as consumer acceptance of the modified LAB and careful analysis of 1050 

variations in legislatives as well as possibilities and limits in applying genetically modified 1051 

LAB in food, mainly in regard to consumers risk and benefits, should be taken into 1052 
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consideration (Pedersen et al., 2005; Sybesma et al., 2006). In addition, new approaches of 1053 

genome editing with employment of CRISPR-cas system would not be seen as GMM-1054 

generating tools according to the current definition, as it was recently discussed in case of 1055 

genetically edited crops (Kanchiswamy et al., 2015), as only oligonucleotides that correspond 1056 

to native molecules are needed for this reaction and the complex that derives edition is further 1057 

degraded in the cell. This opens questions about redefining GMM and their use in the food 1058 

industry. One issue that has to be considered is the fact that although the CRISPR systems 1059 

have a high specificity level, the problem of unexpected negative effects remains a 1060 

possibility, which could have massive effect on global food market (Au, 2015). 1061 

On the other hand, less restriction embraces the usage of modified LAB as potential cell 1062 

factories. The era of application of recombinant bacteria for molecules started with human 1063 

insulin production by recombinant E. coli developed in late 1970’s (Goeddel et al., 1979). In 1064 

general, LAB are recognised as safe and non-pathogenic, which makes them suitable for 1065 

engineering projects. Even though these cells are engineered, the final product is purified and 1066 

separated from the bacterial producer and is used as a sole chemical in food or other 1067 

industries. However, the disposal of GMM in these cases presents a challenge, and optimal 1068 

destruction and prevention of environmental dissemination of engineered strains have to be 1069 

implemented in industrial strategies (Gautier, 2008).  1070 
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6. Concluding remarks  1071 

The Lactobacillus genus represents a versatile group of LAB that continues to intrigue 1072 

scientists from different fields of microbiology. Their genetic characteristics are constantly 1073 

being supplemented with new data. The rising number of available genomes provides greater 1074 

opportunities for implementation of the data to give a better understanding of and improved 1075 

application of these microorganisms. Construction of pangenomes reveals genetic and 1076 

phenotypic diversity, and explains adaptability of lactobacilli to various habitats. Genetic data 1077 

can be also used to anticipate the potential of strains for application in various industrial 1078 

fields.  1079 

The construction of genome scale computational models gives an indication of a strains 1080 

metabolic potential and facilitates identification of genes most suitable for engineering 1081 

studies (Bution et al., 2015). The introduction of next generation sequencing (NGS) methods 1082 

and metabolite profiling reveals new and unexpected features of LAB. The construction of 1083 

metabolic models of industrial microorganisms is becoming an essential step in the 1084 

development of fermented foods and food ingredients (Smid and Hugenholtz, 2010). The 1085 

overall knowledge obtained after deployment of all approaches described in this review 1086 

contributes to a better understanding of the physiology of Lactobacillus cultures during dairy 1087 

production, which encourages the development of novel production technologies that will 1088 

provide continuous product quality improvement (Steele et al., 2013). 1089 
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Table 1: General genomic features of the most important dairy related Lactobacillus species. 1507 

All data were obtained at http://www.ncbi.nlm.nih.gov/, last assessed in July 2016. 1508 

Species of 

Lactobacillus 

Number of 

sequences available 

Median total 

length (Mbp) 

Median number 

of proteins 

Median GC 

content (%) 

Lb. delbrueckii 32 1.865 1637 49.8 

Lb. helveticus 22 2.077 1784 36.8 

Lb. casei 35 3.036 2736 46.4 

Lb. paracasei 53 2.961 2749 46.3 

Lb. acidophilus 16 1.979 1815 34.6 

Lb. rhamnosus 102 2.937 2641 46.6 

Lb. plantarum 114 3.275 2912 44.4 

  1509 

http://www.ncbi.nlm.nih.gov/
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Figures captions: 1510 

Figure 1: Process of niche adaptation. (a) Ancestor of Lactobacillus spp. had undergone 1511 

multiple genome changes, such as decay of superfluous genes and acquisition of genes that 1512 

support survival in specific environmental conditions, which all led to niche specialisation for 1513 

various habitats, three of which have been depicted here (dairy, environment, human and 1514 

animal GIT). However, strains of Lactobacillus could change their habitat (b), for instance 1515 

during human consumption of dairy or plant food, and this is why isolation source does not 1516 

always correspond to the strains’ natural environment. This has to be kept in mind while 1517 

analysing characteristics of strains isolated from different ecological niches, as origin of 1518 

isolation gives only an indication of metabolic capacity of an organism. 1519 

Figure 2: (a) CRISPR-Cas system of bacteria enables efficient resistance to phage attack. For 1520 

example, in case of dairy lactobacilli, when the cells encounter the dairy phage for the first 1521 

time, its DNA is cleaved and a sequence that includes repeater (black box) and spacer (blue 1522 

box) is integrated in CRISPR-cas locus, directly behind the leader sequence. (b) In the event 1523 

of repeated attack by the same phage, its DNA sequence corresponding to an existing spacer 1524 

induces transcription and maturation of CRISPR RNA (crRNA), which activates Cas 1525 

complex and efficiently cleaves the foreign DNA. Further stages of phage reproduction are 1526 

terminated, and there are no newly assembled phage particles. As the dairy strain combats the 1527 

phage, normal fermentation process occurs. (c) CRISPR systems mechanism initiated 1528 

development of genome editing tool. Here, Cas 9 nuclease interacts with chimeric guide 1529 

RNA, that provides the enzyme to the specific site in DNA, after which precise double 1530 

stranded break (DBS) occurs. After DBS, breaks can be either nonhomologously joined 1531 

leading to an indel mutation, or, in presence of a donor DNA, this sequence is precisely 1532 

inserted in a homology directed repair event.  1533 
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Figure 3: Schematic view of range of applications of available genome sequences. The whole 1534 

genome sequencing (WGS) data provides the basis for genomic characterisation of species or 1535 

genera, as well as evolutionary studies, such as niche adaptability. Insight in genetic content 1536 

of a strain can predict the presence of metabolic machinery that could generate flavour 1537 

compounds. Additionally, they enable the construction of genome scale metabolic models, 1538 

which coupled to genetic information and biochemical data lead to the development of 1539 

metabolic engineering studies. Results of these studies reveal strains capacity for plausible 1540 

industrial applications. 1541 


