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Summary

This communication aims to provide a “debrief” on the taxonomic reorganization of lactobacilli in 2020 and to
outline perspectives and opportunities that are provided by the current taxonomy of the Lactobacillaceae. The
new taxonomy of lactobacilli not only comes with the need to become familiar with 23 new genus names but
also provides substantial new opportunities in scientific discovery and regulatory approval of these organisms.
First, the description of new species in the Lactobacillaceae is facilitated and a solid framework for description
of novel genera is provided. Second, the current taxonomy greatly enhances the resolution of genus-level
sequencing approaches (e.g., 16S rRNA-based metagenomics) when identifying composition and function of
microbial communities. Third, the current taxonomy greatly facilitates the formulation of hypotheses linking
phylogeny to metabolism and ecology of lactobacilli.

Highlights
+ The taxonomy of Lactobacillaceae was modified substantially in 2020.
« The current taxonomy facilitates the description of new species and genera.
« The current taxonomy enhances the resolution of genus-level sequencing approaches.
- Studies linking phylogeny to metabolism and ecology of lactobacilli are facilitated.
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Abstract: In 2020, a taxonomic reorganization of the lactic acid bacteria reclassified over 300 species in 7 genera and 2 families into one
family, the Lactobacillaceae, with 31 genera including 23 new genera to include organisms formerly classified as Lactobacillus species.
This communication aims to provide a debrief on the taxonomic reorganization of lactobacilli to identify shortcomings in the proposed
taxonomic framework, and to outline perspectives and opportunities provided by the current taxonomy of the Lactobacillaceae. The
current taxonomy of lactobacilli not only necessitates becoming familiar with 23 new genus names but also provides substantial new
opportunities in scientific discovery and regulatory approval of these organisms. First, description of new species in the Lactobacillaceae
is facilitated and a solid framework for description of novel genera is provided. Second, the current taxonomy greatly enhances the
resolution of genus-level sequencing approaches (e.g., 16S rRNA—based metagenomics) when identifying the composition and function
of microbial communities. Third, the current taxonomy greatly facilitates the formulation of hypotheses linking phylogeny to metabolism

and ecology of lactobacilli.

embers of the Lactobacillaceae are of major importance to

human health, well-being, and economic activities because
they occur in most food and feed fermentations (Génzle, 2015)
and constitute important members of intestinal microbiota in many
animals, including farm animals (Walter, 2008). Food-fermenting
Lactobacillaceae have a safe tradition of food use (Bourdichon et
al., 2019) and were awarded qualified presumption of safety (QPS)
or generally regarded as safe (GRAS) status by the European
Food Safety Authority and the US Food and Drug Administration,
respectively (Koutsoumanis et al., 2020). Several species of the
Lactobacillaceae are also used as probiotics to improve human or
animal health (Hill et al., 2014).

In 2020, a taxonomic reorganization of the lactic acid bacteria
reclassified over 300 species in 7 genera and 2 families into one
family, the Lactobacillaceae, with 31 genera including Lactoba-
cillus, Paralactobacillus, Pediococcus, Weissella, Fructobacillus,
Convivina, Oenococcus, Leuconostoc, and 23 new genera that
comprise organisms formerly classified as Lactobacillus species
(Zheng et al., 2020). Sequences of 16S rRNA genes are insufficient
to disentangle the phylogenetic relationships of lactobacilli (Hol-
zapfel and Wood, 2014), and the task could thus not be undertaken
until genome sequences of most type strains of lactobacilli became
available (Zheng et al., 2015). This communication aims to pro-
vide a “debrief” on the taxonomic reorganization of lactobacilli
to outline perspectives and opportunities provided by the current
taxonomy of the Lactobacillaceae.

The taxonomic framework for the lactobacilli was finalized
late in 2019 and refers to all 261 species of lactobacilli that were

described in March 2020 (Zheng et al., 2020). Since 2020, 37 new
species have been described (Figure 1). All of these species match
the ecological and metabolic traits of the respective genera that
were proposed earlier (Zheng et al., 2020). With few exceptions,
new Lactobacillus and Limosilactobacillus species were described
with isolates from vertebrate-adapted animal habitats; new Bom-
bilactobacillus and Apilactobacillus species were described with
isolates from insects and species of nomadic, environmental, or
plant-associated genera were described predominantly with iso-
lates from spontaneously fermented vegetables.

The addition of more than 40 genomes since 2019 confirmed
that the Lactobacillaceae are monophyletic only if the former Leu-
conostocaceae are included (Figure 1; Zheng et al., 2020). In ad-
dition, the node connecting the former Leuconostocaceae with the
remaining Lactobacillaceae can be placed with greater confidence.
Within heterofermentative organisms, the coccus- or coccoid-
shaped genera form a monophyletic group that is most closely
related to Furfurilactobacillus (Figure 1). The taxonomic frame-
work proposed by Zheng et al. (2020) has thus been confirmed
by subsequent phylogenetic analyses and new species descriptions.
Updates on novel species and typical genus-level properties of lac-
tobacilli continue to be provided at the websites www.lactobacillus
.ualberta.ca and www.lactobacillus.uantwerpen.be.

Before 2020, description of new genera in the Lactobacillaceae
was essentially impossible because it would have left the remain-
ing genus Lactobacillus fragmented. The conceptual framework
proposed by Zheng et al. (2020) thus facilitates the description of
new taxa in the Lactobacillaceae. New isolates are readily identi-
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fied at the genus level by 16S rRNA gene sequence analysis, as
exemplified by all 37 new species in the Lactobacillaceae that
have been described since 2020.

Currently, new species descriptions are based on an average
nucleotide identity (ANI) value of <95% to a known type strain
as the recognized threshold for delineation of new species. A
pragmatic approach uses 16S rRNA gene similarity as a first step
for identification. If the similarity is <98.65%, the isolate repre-
sents a novel species; if the 16S rRNA gene sequence identity is
>98.65%, the ANI informs the species-level taxonomy (Chun et
al., 2018). Irrespective of the methods used to derive numerical
thresholds, taxonomists aim to base the description of new taxa on
a combination of phenotypic and genotypic traits. Bacterial strains
that have an ANI of <95 to 96% are generally differentiated by
relevant ecological and metabolic properties. For example, the 6
subspecies of Limosilactobacillus reuteri share an ANI of <96%
and are also differentiated by adaptation to different host animals
and specific metabolic traits (Li et al., 2021). Similarly, the spe-

Tree scale: 1 ——M———1
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cies Lacticaseibacillus casei and Lacticaseibacillus paracasei are
discriminated by specific oxidative stress tolerance genes, which
also support their persistence in different habitats (Wuyts et al.,
2017; De Boeck et al., 2020).

Genus- or family-level taxonomy is generally achieved by com-
parison of protein rather than nucleotide sequences (Parks et al.,
2018; Zheng et al., 2020). The taxonomic framework for reclas-
sification of lactobacilli provided clear criteria for delineation of
new genera: (1) genera are monophyletic, (2) intra- and intergenus
pairwise AA identity (AAI)/AAI of conserved genes (cAAI) values
show minimal overlap, and (3) genera are differentiated by char-
acteristic metabolic or ecological traits. In the Lactobacillaceae,
inter- and intragenus cAAI values are generally lower and higher,
respectively, than 68%, with a transition zone of 65 to 71% (Zheng
et al., 2020). Novel isolates can be assigned to known genera if
the 16S rRNA phylogenetic tree places the isolate within a current
genus. If an isolate does not consistently cluster with species of a
genus or if analyses of different housekeeping genes do not pro-

3
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Figure 1. Core genome phylogenetic tree of 336 type strains in the Lactobacillaceae with Carnobacterium maltaromaticum as an outgroup. The maximum
likelihood tree was analyzed on the basis of concatenated protein sequences of single-copy core genes as described in Zheng et al. (2020). Bootstrap sup-
port was calculated from 1,000 replicates; all values were >90%. Species of the same genus share the same branch color. Names of homofermentative and

heterofermentative species are shown in red and blue, respectively.
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vide consistent results, core genome phylogeny and AAI or cAAI
values are necessary to inform whether the isolate constitutes a
new genus.

The current taxonomy may also facilitate regulatory approval
of Lactobacillaceae for use in food and feed because antibiotic
resistance and formation of biogenic amines, 2 of the criteria used
in safety assessment of the Lactobacillaceae, are partly related to
the current genus-level taxonomy (Rychen et al., 2018). Recogniz-
ing the advantages of the new taxonomy, government agencies,
including the US Food and Drug Administration, Health Canada,
and the European Food Safety Authority, have started to use the
current nomenclature.

DNA sequencing techniques have allowed the study of microbial
communities on an unprecedented scale. The taxonomic resolution
of sequencing approaches using 16S rRNA amplicons, however,
is limited to the genus level (Johnson et al., 2019). The split of
the genus Lactobacillus into phylogenetically and ecologically
coherent genera therefore increases the resolution of this technique
to gain new insights into microbial ecosystems. This is especially
true for ecosystems in which lactobacilli play an important role,
such as food fermentations, the human vagina, and the intestine of
many animals. Most 16S rRNA sequence databases have now ad-
opted the taxonomic changes of the Lactobacillaceae: SILVA from
version 138.1 (Yilmaz et al., 2014), RDP from version 18 (Cole
et al., 2014), GTDB from version 05-RS95 (Parks et al., 2022),
and EzBioCloud from version 07/07/2021 (Yoon et al., 2017). The
National Center for Biotechnology Information (NCBI) taxonomy
database (https://www.ncbi.nlm.nih.gov) has been updated with
the new taxonomy (Federhen, 2012) but the former names of the
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records containing 16S sequences are maintained, which thus still
follow the old taxonomy. This means that, for example, in NCBI
BLAST results, the “description” field in the results table provides
the old name whereas the “scientific name” field provides the
current name. The Greengenes 16S rRNA database is no longer
being maintained and its most recent version still follows the old
taxonomy (McDonald et al., 2012). To enable the reclassification
of lactobacilli in 16S amplicon data sets without having to fully
update and rerun the computational pipeline, we have developed a
script and a custom database that are available at www.github.com/
swittouck/reclassify lactos.

To illustrate the increased resolution provided by the new tax-
onomy, we reclassified lactobacilli in samples taken from carrot
juice fermentations (Wuyts et al., 2018), kefir (Walsh et al., 2016),
and vaginal swabs (Ahannach et al., 2021) (Figure 2). The old
taxonomy suggested that the most abundant genera in carrot fer-
mentations are Lactobacillus, Leuconostoc, and Weissella (Figure
2). Use of the current taxonomy demonstrates that the majority
of the lactobacilli belong to the genus Lactiplantibacillus, with
smaller proportions belonging to the genera Liquorilactobacillus,
Levilactobacillus, Loigolactobacillus, and Paucilactobacillus,
thus providing a much more precise description. In kefir and vagi-
nal samples, reanalysis of data with the current taxonomy revealed
the presence of Lentilactobacillus and Limosilactobacillus, respec-
tively, as minor components of the microbial communities (Figure
2). Few lactobacilli cannot be classified to known genera using V4
16S rRNA amplicon sequences. Sequencing of other housekeeping
genes (e.g., groEL) improves the species-level identification of
lactobacilli (Xie et al., 2019).

taxon
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Figure 2. Mean abundance of Lactobacillaceae genera, relative to total Lactobacillaceae abundance, in samples from d 30 of carrot juice fermentations (left;
Wuyts et al., 2018), in kefir samples (middle; Walsh et al., 2016), and in swabs from the human vagina (right; Ahannach et al., 2021).
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The phylogenetic diversity of the Lactobacillaceae is matched
by their metabolic diversity in terms of oxygen tolerance, the or-
ganic acids or carbohydrates that are utilized, and the spectrum of
metabolites that are produced (Génzle and Follador, 2012; Génzle,
2015; Wuyts et al., 2017). Until 2020, metabolic preferences were
considered a species-specific trait, which was a difficult proposi-
tion in a genus with more than 250 species. The current taxonomy
facilitates the association of the taxonomy or organisms with their
ecology and metabolic preferences and at 3 levels.

First, the fermentation pathways for hexoses—homofermenta-
tion or heterofermentation—are now a genus-level trait. Hetero-
fermentative organisms form a monophyletic clade, with Lacti-
plantibacillus as the evolutionary link between homofermentative
and heterofermentative species (Figure 1; Zheng et al., 2020).
Heterofermentative lactic acid bacteria lack phosphofructokinase,
the key enzyme of glycolysis (Figure 3), even though other carbo-
hydrate kinases (e.g., ribokinase) are occasionally misidentified as
phosphofructokinase. Homofermentative and heterofermentative
Lactobacillaceae also differ in other major metabolic traits (Figure
3A).
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Second, the current taxonomy facilitates the identification of
genus-specific traits that were all but obscured by the sheer number
of species in the genus Lactobacillus until 2020. For example, the
insect-adapted Bombilactobacillus and Apilactobacillus species
ferment only a few carbohydrates; in particular, Apilactobacillus
species ferment only a few sugars other than fructose (Vuong
and McFrederick, 2019). Other heterofermentative lactobacilli,
particularly Paucilactobacillus species and some Secundilacto-
bacillus species, specialized on habitats that are hexose-depleted,
lack mannitol dehydrogenase, and ferment mainly or only pentoses
(Figure 3). Several Weissella species differ from most other het-
erofermentative lactobacilli by the presence of mannitol-phosphate
dehydrogenase for mannitol catabolism rather than mannitol dehy-
drogenase for fructose conversion (Figure 3).

Third, the current taxonomy enables identification of metabolic
properties that relate to lifestyle (Duar et al., 2017) or co-evolution
with other bacteria (Tannock et al., 2012; Lin et al., 2018). Few
genera are adapted to vertebrate animals or to insects, respectively,
and the current taxonomy thus enables identification of metabolic
and physiological traits that are required for ecological fitness in
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Figure 3. (A) Metabolic and physiological features that differentiate homofermentative and heterofermentative Lactobacillaceae, and the major phyloge-
netic groups within the homofermentative and the heterofermentative Lactobacillaceae. (B) In silico identification of genus-level metabolic traits of the
Lactobacillaceae. Genes were identified in genomes of the 336 type strains in the Lactobacillaceae by BLASTp search (https://blast.ncbi.nlm.nih.gov/Blast.cgi
?PAGE=Proteins) with 75% coverage and 50% identity as threshold values. The heatmap depicts the percentage of type species in each genus that harbor the
gene, where red = present in all type strains of a genus and white = absent in all type strains.
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these ecosystems (Vuong and McFrederick, 2019; Li and Génzle,
2020). The link of metabolism, ecology, and phylogeny will also
facilitate the identification of probiotic effector molecules that
underpin the health benefits of probiotic lactobacilli (Lebeer et al.,
2018).

Bacterial mutualism or cross-feeding is a key element of car-
bohydrate metabolism by intestinal microbiota (Louis and Flint,
2017; Cheng et al., 2020) and in other ecosystems (Oia et al.,
2021). In the Lactobacillaceae, metabolic mutualism is mediated
by proteases and glycosyl hydrolases but also by metabolites, in-
cluding mannitol, lactic acid, glycerol, ornithine, and agmatine,
which are further converted by other organisms (Figure 3). Man-
nitol, lactic acid, and ornithine are metabolites of other Lactobacil-
laceae; glycerol and agmatine are metabolites of Saccharomyces
cerevisiae and Enterobacteriaceae, respectively, organisms that
cohabitate with lactobacilli in plant-associated habitats (Nevoigt
and Stahl, 1997; Iyer et al., 2003).

In conclusion, the current taxonomy of lactobacilli proposed
by Zheng et al. (2020) provides new opportunities in scientific
discovery and facilitates regulatory approval. First, the description
of new species in the Lactobacillaceae is facilitated and a solid
framework for description of novel genera is provided. Second,
the current taxonomy enhances the resolution of genus-level se-
quencing approaches such as 16S rRNA—based metagenomics.
Third, the current taxonomy enables the formulation of hypotheses
linking phylogeny to metabolism and ecology of lactobacilli. In
the absence of a natural system for delineation of bacterial taxa,
taxonomy means no more and no less than “to give things a name.”
The taxonomy of lactobacilli is thus an example on how the avail-
ability of appropriate nomenclature furthers scientific discovery.

References

Ahannach, S., L. Delanghe, 1. Spacova, S. Wittouck, W. Van Beeck, 1. De
Boeck, and S. Lebeer. 2021. Microbial enrichment and storage for metage-
nomics of vaginal, skin and saliva samples. iScience 24:103306. https://doi
.org/10.1016/j.i5¢i.2021.103306.

Bourdichon, F., S. Laulund, and P. Tenning. 2019. Inventory of microbial spe-
cies with a rationale: A comparison of the IDF/EFFCA inventory of micro-
bial food cultures with the EFSA Biohazard Panel qualified presumption
of safety. FEMS Microbiol. Lett. 366:48. https://doi.org/10.1093/femsle/
fnz048.

Cheng, C. C., R. M. Duar, X. Lin, M. E. Perez-Munoz, S. Tollenaar, J. H. Oh, J.
P. van Pijkeren, F. Li, D. van Sinderen, M. G. Génzle, and J. Walter. 2020.
Ecological importance of cross-feeding of the intermediate metabolite
1,2-propanediol between bacterial gut symbionts. Appl. Environ. Micro-
biol. 86:¢00190-20. https://doi.org/10.1128/ AEM.00190-20.

Chun, J., A. Oren, A. Ventosa, H. Christensen, D. R. Arahal, M. S. da Costa,
A. P. Rooney, H. Yi, X. W. Xu, S. De Meyer, and M. E. Trujillo. 2018.
Proposed minimal standards for the use of genome data for the taxonomy
of prokaryotes. Int. J. Syst. Evol. Microbiol. 68:461-466. https://doi.org/
10.1099/ijsem.0.002516.

Cole, J. R., Q. Wang, J. A. Fish, B. Chai, D. M. McGarrell, Y. Sun, C. T. Brown,
A. Porras-Alfaro, C. R. Kuske, and J. M. Tiedje. 2014. Ribosomal Data-
base Project: data and tools for high throughput rRNA analysis. Nucleic
Acids Res. 42(D1):D633-D642. https://doi.org/10.1093/nar/gkt1244.

De Boeck, I., M. F. L. van den Broek, C. N. Allonsius, I. Spacova, S. Wittouck,
K. Martens, S. Wuyts, E. Cauwenberghs, K. Jokicevic, D. Vandenheuvel,
T. Eilers, M. Lemarcq, C. De Rudder, S. Thys, J. P. Timmermans, A. V.
Vroegop, A. Verplaetse, T. Van de Wiele, F. Kiekens, P. W. Hellings, O. M.
Vanderveken, and S. Lebeer. 2020. Lactobacilli have a niche in the human
nose. Cell Rep. 31:107674. https://doi.org/10.1016/j.celrep.2020.107674.

Duar, R. M., X. B. Lin, J. Zheng, M. E. Martino, T. Grenier, M. E. Pérez-
Muiioz, F. Leulier, M. Génzle, and J. Walter. 2017. Lifestyles in transition:

226

Evolution and natural history of the genus Lactobacillus. FEMS Microbiol.
Rev. 41(Supp_1):S27-S48. https://doi.org/10.1093/femsre/fux030.

Federhen, S. 2012. The NCBI Taxonomy database. Nucleic Acids Res.
40(D1):D136-D143. https://doi.org/10.1093/nar/gkr1178.

Génzle, M. G. 2015. Lactic metabolism revisited: Metabolism of lactic acid
bacteria in food fermentations and food spoilage. Curr. Opin. Food Sci.
2:106—-117. https://doi.org/10.1016/j.cofs.2015.03.001.

Ginzle, M. G., and R. Follador. 2012. Metabolism of oligosaccharides and
starch in lactobacilli: A review. Front. Microbiol. 3:340. https://doi.org/10
.3389/fmicb.2012.00340.

Hill, C., F. Guarner, G. Reid, G.R. Gibson, D.J. Merenstein, B. Pot, L. Morelli,
R.B. Canani, H.J. Flint, S. Salminen, P.C. Calder, and M.E. Sanders. 2014.
The International Scientific Association for Probiotics and Prebiotics con-
sensus statement on the scope and appropriate use of the term probiotic.
Nat. Rev. Gastroenterol. Hepatol. 11:506-514. https://doi.org/10.1038/
nrgastro.2014.66.

Holzapfel, W. H., and B. J. B. Wood, ed. 2014. Lactic Acid Bacteria: Biodiver-
sity and Taxonomy. John Wiley & Sons.

Iyer, R., C. Williams, and C. Miller. 2003. Arginine-agmatine antiporter in
extreme acid resistance in Escherichia coli. J. Bacteriol. 185:6556-6561.
https://doi.org/10.1128/JB.185.22.6556-6561.2003.

Johnson, J. S., D. J. Spakowicz, B.-Y. Hong, L. M. Petersen, P. Demkowicz,
L. Chen, S. R. Leopold, B. M. Hanson, H. O. Agresta, M. Gerstein, E.
Sodergren, and G. M. Weinstock. 2019. Evaluation of 16S rRNA gene se-
quencing for species and strain-level microbiome analysis. Nat. Commun.
10:5029. https://doi.org/10.1038/s41467-019-13036-1.

Koutsoumanis, K., A. Allende, A. Alvarez-Ordofiez, D. Bolton, S. Bover-Cid,
M. Chemaly, R. Davies, A. De Cesare, F. Hilbert, R. Lindqvist, M. Nauta,
L. Peixe, G. Ru, M. Simmons, P. Skandamis, E. Suffredini, P. S. Coccon-
celli, P. S. Fernandez Escamez, M. P. Maradona, A. Querol, J. E. Suarez, 1.
Sundh, J. Vlak, F. Barizzone, S. Correia, and L. Herman. 2020. Scientific
Opinion on the update of the list of QPS-recommended biological agents
intentionally added to food or feed as notified to EFSA (2017-2019). EFSA
J. 18. https://doi.org/10.2903/j.efsa.2020.5966.

Lebeer, S., P. A. Bron, M. L. Marco, J. P. Van Pijkeren, M. O’Connell Moth-
erway, C. Hill, B. Pot, S. Roos, and T. Klaenhammer. 2018. Identification
of probiotic effector molecules: Present state and future perspectives. Curr.
Opin. Biotechnol. 49:217-223. https://doi.org/10.1016/j.copbio.2017.10
.007.

Li, F.,, C. C. Cheng, J. Zheng, J. Liu, R. M. Quevedo, J. Li, S. Roos, M. G.
Ginzle, and J. Walter. 2021. Limosilactobacillus balticus sp. nov., Limosi-
lactobacillus agrestis sp. nov., Limosilactobacillus albertensis sp. nov.,
Limosilactobacillus rudii sp. nov. and Limosilactobacillus fastidiosus sp.
nov., five novel Limosilactobacillus species isolated from the vertebrate
gastrointestinal tract, and proposal of six subspecies of Limosilactobacil-
lus reuteri adapted to the gastrointestinal tract of specific vertebrate hosts.
Int. J. Syst. Evol. Microbiol. 71:004644. https://doi.org/10.1099/ijsem.0
.004644.

Li, Q., and M. G. Génzle. 2020. Host-adapted lactobacilli in food fermenta-
tions: Impact of metabolic traits of host adapted lactobacilli on food qual-
ity and human health. Curr. Opin. Food Sci. 31:71-80. https://doi.org/10
.1016/j.c0f5.2020.02.002.

Lin, X. B., T. Wang, P. Stothard, J. Corander, J. Wang, J. F. Baines, S. C. L.
Knowles, L. Baltrinaité, G. Tasseva, R. Schmaltz, S. Tollenaar, L. A. Cody,
T. Grenier, W. Wu, A. E. Ramer-Tait, and J. Walter. 2018. The evolution
of ecological facilitation within mixed-species biofilms in the mouse gas-
trointestinal tract. ISME J. 12:2770-2784. https://doi.org/10.1038/s41396
-018-0211-0.

Louis, P., and H. J. Flint. 2017. Formation of propionate and butyrate by the
human colonic microbiota. Environ. Microbiol. 19:29-41. https://doi.org/
10.1111/1462-2920.13589.

McDonald, D., M. N. Price, J. Goodrich, E. P. Nawrocki, T. Z. DeSantis, A.
Probst, G. L. Andersen, R. Knight, and P. Hugenholtz. 2012. 2011. An
improved Greengenes taxonomy with explicit ranks for ecological and
evolutionary analyses of bacteria and archaea. ISME J. 6:610-618. https:/
doi.org/10.1038/ismej.2011.139.

Nevoigt, E., and U. Stahl. 1997. Osmoregulation and glycerol metabolism in
the yeast Saccharomyces cerevisiae. FEMS Microbiol. Rev. 21:231-241.
https://doi.org/10.1111/j.1574-6976.1997.tb00352 x.

JDS Communications 2022; 3: 222-227


https://doi.org/10.1016/j.isci.2021.103306
https://doi.org/10.1016/j.isci.2021.103306
https://doi.org/10.1093/femsle/fnz048
https://doi.org/10.1093/femsle/fnz048
https://doi.org/10.1128/AEM.00190-20
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1016/j.celrep.2020.107674
https://doi.org/10.1093/femsre/fux030
https://doi.org/10.1093/nar/gkr1178
https://doi.org/10.1016/j.cofs.2015.03.001
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1128/JB.185.22.6556-6561.2003
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.2903/j.efsa.2020.5966
https://doi.org/10.1016/j.copbio.2017.10.007
https://doi.org/10.1016/j.copbio.2017.10.007
https://doi.org/10.1099/ijsem.0.004644
https://doi.org/10.1099/ijsem.0.004644
https://doi.org/10.1016/j.cofs.2020.02.002
https://doi.org/10.1016/j.cofs.2020.02.002
https://doi.org/10.1038/s41396-018-0211-0
https://doi.org/10.1038/s41396-018-0211-0
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1111/j.1574-6976.1997.tb00352.x

Qiao et al. | Future of Probiotics Webinar

Ona, L., S. Giri, N. Avermann, M. Kreienbaum, K. M. Thormann, and C. Kost.
2021. Obligate cross-feeding expands the metabolic niche of bacteria. Nat.
Ecol. Evol. 5:1224-1232. https://doi.org/10.1038/s41559-021-01505-0.

Parks, D. H., M. Chuvochina, C. Rinke, A. J. Mussig, P.-A. Chaumeil, and P.
Hugenholtz. 2022. GTDB: An ongoing census of bacterial and archaeal
diversity through a phylogenetically consistent, rank normalized and com-
plete genome-based taxonomy. Nucleic Acids Res. 50(D1):D785-D794.
https://doi.org/10.1093/nar/gkab776.

Parks, D. H., M. Chuvochina, D. W. Waite, C. Rinke, A. Skarshewski, P.-A.
Chaumeil, and P. Hugenholtz. 2018. A standardized bacterial taxonomy
based on genome phylogeny substantially revises the tree of life. Nat.
Biotechnol. 36:996-1004. https://doi.org/10.1038/nbt.4229.

Rychen, G., G. Aquilina, G. Azimonti, V. Bampidis, M. L. Bastos, G. Bories, A.
Chesson, P. S. Cocconcelli, G. Flachowsky, J. Gropp, B. Kolar, M. Kouba,
M. Loépez-Alonso, S. Lopez Puente, A. Mantovani, B. Mayo, F. Ramos,
M. Saarela, R. E. Villa, R. J. Wallace, P. Wester, B. Glandorf, L. Herman,
S. Kérenlampi, J. Aguilera, M. Anguita, R. Brozzi, and J. Galobart. 2018.
Guidance on the characterisation of microorganisms used as feed additives
or as production organisms. EFSA J. 16:¢05206. https://doi.org/10.2903/j
.efsa.2018.5206.

Tannock, G. W., C. M. Wilson, D. Loach, G. M. Cook, J. Eason, P. W. O’Toole,
G. Holtrop, and B. Lawley. 2012. Resource partitioning in relation to
cohabitation of Lactobacillus species in the mouse forestomach. ISME J.
6:927-938. https://doi.org/10.1038/ismej.2011.161.

Vuong, H. Q., and Q. S. McFrederick. 2019. Comparative genomics of wild
bee and flower isolated Lactobacillus reveals potential adaptation to the
bee host. Genome Biol. Evol. 11:2151-2161. https://doi.org/10.1093/gbe/
evz136.

Walsh, A. M., F. Crispie, K. Kilcawley, O. O’Sullivan, M. G. O’Sullivan, M. J.
Claesson, and P. D. Cotter. 2016. Microbial succession and flavor produc-
tion in the fermented dairy beverage kefir. mSystems 1:¢00052-16. https://
doi.org/10.1128/mSystems.00052-16.

Walter, J. 2008. Ecological role of lactobacilli in the gastrointestinal tract:
Implications for fundamental and biomedical research. Appl. Environ.
Microbiol. 74:4985-4996. https://doi.org/10.1128/AEM.00753-08.

Wauyts, S., W. Van Beeck, E. F. M. Oerlemans, S. Wittouck, 1. J. J. Claes, 1. De
Boeck, S. Weckx, B. Lievens, L. De Vuyst, and S. Lebeer. 2018. Carrot
juice fermentations as man-made microbial ecosystems dominated by lac-
tic acid bacteria. Appl. Environ. Microbiol. 84:00134-18. https://doi.org/10
.1128/AEM.00134-18.

227

Wauyts, S., S. Wittouck, I. De Boeck, C. N. Allonsius, E. Pasolli, N. Segata,
and S. Lebeer. 2017. Large-scale phylogenomics of the Lactobacillus
casei group highlights taxonomic inconsistencies and reveals novel clade-
associated features. mSystems 2:¢00061-e17. https://doi.org/10.1128/
mSystems.00061-17.

Xie, M., M. Pan, Y. Jiang, X. Liu, W. Lu, J. Zhao, H. Zhang, and W. Chen.
2019. groEL Gene-based phylogenetic analysis of Lactobacillus species
by high-throughput sequencing. Genes 10:530. https://doi.org/10.3390/
genes10070530.

Yilmaz, P., L. W. Parfrey, P. Yarza, J. Gerken, E. Pruesse, C. Quast, T. Schweer,
J. Peplies, W. Ludwig, and F. O. Glockner. 2014. The SILVA and “All-
species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids
Res. 42(D1):D643-D648. https://doi.org/10.1093/nar/gkt1209.

Yoon, S.-H., S.-M. Ha, S. Kwon, J. Lim, Y. Kim, H. Seo, and J. Chun. 2017.
Introducing EzBioCloud: A taxonomically united database of 16S rRNA
gene sequences and whole-genome assemblies. Int. J. Syst. Evol. Micro-
biol. 67:1613-1617. https://doi.org/10.1099/ijsem.0.001755.

Zheng, J., L. Ruan, M. Sun, and M. G. Génzle. 2015. A genomic view of lacto-
bacilli and pediococci demonstrates that phylogeny matches ecology and
physiology. Appl. Environ. Microbiol. 81:7233-7243. https://doi.org/10
.1128/AEM.02116-15.

Zheng, J., S. Wittouck, E. Salvetti, C. M. A. P. Franz, H. M. B. Harris, P. Mat-
tarelli, P. W. O’Toole, B. Pot, P. Vandamme, J. Walter, K. Watanabe, S.
Wauyts, G. E. Felis, M. G. Génzle, and S. Lebeer. 2020. A taxonomic note
on the genus Lactobacillus: Description of 23 novel genera, emended
description of the genus Lactobacillus Beijerinck 1901, and union of
Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol.
70:2782-2858. https://doi.org/10.1099/ijsem.0.004107.

Notes

Nanzhen Qiao and Michael Génzle acknowledge the China Scholarship Council
(Beijing, China) and the Canada Research Chairs program (Ottawa, Canada),
respectively, for financial support. Stijn Wittouck acknowledges funding from
the Flemisch inter-university Special Research Fund (Brussels, Belgium; POS-
SIBL project, iBOF/21/092).

The authors have not stated any conflicts of interest.

JDS Communications 2022; 3: 222-227


https://doi.org/10.1038/s41559-021-01505-0
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1038/nbt.4229
https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.1038/ismej.2011.161
https://doi.org/10.1093/gbe/evz136
https://doi.org/10.1093/gbe/evz136
https://doi.org/10.1128/mSystems.00052-16
https://doi.org/10.1128/mSystems.00052-16
https://doi.org/10.1128/AEM.00753-08
https://doi.org/10.1128/AEM.00134-18
https://doi.org/10.1128/AEM.00134-18
https://doi.org/10.1128/mSystems.00061-17
https://doi.org/10.1128/mSystems.00061-17
https://doi.org/10.3390/genes10070530
https://doi.org/10.3390/genes10070530
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1128/AEM.02116-15
https://doi.org/10.1128/AEM.02116-15
https://doi.org/10.1099/ijsem.0.004107

	After the storm—Perspectives on the taxonomy
of Lactobacillaceae
	Graphical Abstract
	References


