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Abstract

Background: Fructophilic lactic acid bacteria (FLAB) found in D-fructose rich niches prefer D-fructose over D-
glucose as a growth substrate. They need electron acceptors for growth on D-glucose. The organisms share
carbohydrate metabolic properties. Fructobacillus spp., Apilactobacillus kunkeei, and Apilactobacillus apinorum are
members of this unique group. Here we studied the fructophilic characteristics of recently described species
Apilactobacillus micheneri, Apilactobacillus quenuiae, and Apilactobacillus timberlakei.

Results: The three species prefer D-fructose over D-glucose and only metabolize D-glucose in the presence of

electron acceptors. The genomic characteristics of the three species, i.e. small genomes and thus a low number of
coding DNA sequences, few genes involved in carbohydrate transport and metabolism, and partial deletion of adhf
gene, are characteristic of FLAB. The three species thus are novel members of FLAB. Reduction of genes involved in

Fructobacillus, adhE

carbohydrate transport and metabolism in accordance with reduction of genome size were the common
characteristics of the family Lactobacillaceae, but FLAB markedly reduced the gene numbers more than other
species in the family. Pan-genome analysis of genes involved in metabolism displayed a lack of specific
carbohydrate metabolic pathways in FLAB, leading to a unique cluster separation.

Conclusions: The present study expanded FLAB group. Fructose-rich environments have induced similar evolution
in phylogenetically distant FLAB species. These are examples of convergent evolution of LAB.
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Introduction

Fructophilic lactic acid bacteria (FLAB) are found in D-
fructose-rich niches, such as flowers, fruits, fermented
fruits, and the gastrointestinal tract of insects [1-3].
They actively metabolize D-fructose but show very lim-
ited growth on D-glucose as a growth substrate. External
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electron acceptors markedly improve their growth on D-
glucose [2, 4], and D-Fructose, pyruvate, and O, are
used as electron acceptors. FLAB metabolically belong
to a group of heterofermentative lactic acid bacteria
(LAB), but profiles of end-products from the metabolism
of D-glucose clearly differentiate FLAB from other het-
erofermentative LAB. Lactate, ethanol, and CO, are the
major end-products in the heterofermentative pathway
of LAB. In the case of FLAB, ethanol is replaced with
acetate [2, 4]. These phenotypic characteristics place
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FLAB in an unusual entity within the LAB group
that generally prefers D-glucose and anaerobic con-
ditions for growth. Recent studies showed that the
unique growth characteristics in FLAB are due to
complete or partial deletion of the adhE gene that
encodes for a bifunctional alcohol/acetaldehyde de-
hydrogenase, AdhE [5-7]. In heterofermentative
LAB, the AdhE enzyme in the phosphoketolase path-
way plays a key role in maintaining the NAD/NADH
balance during D-glucose metabolism [8]. In FLAB,
external electron acceptors oxidize NADH to NAD
and keep the NAD and NADH in balance. Introduc-
tion of adhE in FLAB markedly changed their meta-
bolic properties, and the introduction enabled them
to metabolize D-glucose in the absence of the elec-
tron acceptors [7]. Moreover, FLAB are poor carbo-
hydrate fermenters and metabolize only a limited
number of carbohydrates [9].

Fructobacillus spp. are representatives of the FLAB
group and fructophilic characteristics are well conserved
in all species of the genus [4]. Lactobacillus kunkeei and
Lactobacillus apinorum, recently reclassified as Apilacto-
bacillus kunkeei and Apilactobacillus apinorum, respect-
ively [10], are also members of FLAB [11]. Although
these two groups are phylogenetically distant, they share
similar genomic characteristics, i.e. small genomes (<
1.69 Mbp) and thus a low number of coding DNA se-
quences (CDSs) [5, 12]. Fewer genes are involved in
carbohydrate transport and metabolism, and complete
phosphotransferase system (PTS) transporters are lack-
ing in FLAB [5, 12]. These genetic characteristics agree
with their poor carbohydrate metabolic properties [1,
13]. The genomic characteristics suggest that FLAB
underwent reductive evolution to adapt to fructose-rich
niches. A recent study reported a pseudo-FLAB strain
belonging to Leuconostoc citreum from satsuma manda-
rin peel [14]. The strain showed similar growth charac-
teristics to FLAB, i.e. minor growth on D-glucose, active
growth on D-fructose, and improved growth by supple-
mentation of the electron acceptors on D-glucose. The
growth characteristics was due to an inactivation of the
adhE gene by deletion of the promoter region upstream
of the gene [14]. However, the strain did not have spe-
cific reduction of total CDS and genes involved in carbo-
hydrate transport and metabolism, observed in typical
FLAB, and the strain was thus described as pseudo-
FLAB.

Apilactobacillus kunkeei and A. apinorum have been
isolated from flowers and/or honey bee guts, and share
high 16S rRNA gene similarities (> 99%) [3, 15]. In a re-
cent study, three novel species, Lactobacillus micheneri,
Lactobacillus quenuiae, and Lactobacillus timberlakei,
were isolated from flowers and guts of wild bees [16].
These species share relatively high 16S rRNA gene

Page 2 of 14

sequence similarities (97%) with A. kunkeei and A.
apinorum and have been reclassified as members of
the genus Apilactobacillus [10]. The three novel spe-
cies were routinely cultured in broth supplemented
with D-fructose and fermented only a few carbohy-
drates [16], implicating that they are novel members
in the FLAB group. Despite a great interest to under-
stand niche-specific adaptation of LAB, fructophilic
characteristics of the three species have, thus far, not
been described.

In the present study, the biochemical and genomic
characteristics of Apilactobacillus micheneri, Apilactoba-
cillus timberlakei, and Apilactobacillus quenuiae were
studied. Gene components in the genomes of FLAB were
compared with those of LAB. The study clearly indicated
a unique evolutional trend in FLAB and provide evi-
dence that fructose-rich niches have induced similar
gene reductions in phylogenetically distant LAB.

Results

Growth and metabolic characteristics

Apilactobacillus micheneri, A. timberlakei, and A. que-
nuiae grew well in D-fructose-yeast extract-peptone
(FYP) broth, but poorly in D-glucose-yeast extract-
peptone (GYP) broth (Fig. 1). However, supplementation
of pyruvate (GYP-P) and aerobic culturing (GYP-O,)
markedly enhanced their growth on D-glucose. The
three species produced mainly lactate and acetate, with
trace amounts of ethanol, from the metabolism of D-
glucose (Table 1). Mannitol was produced at a level of
0.44 mM by the strains during growth in GYP broth sup-
plemented with D-fructose. Carbohydrates were poorly
fermented, with only two of the 49 carbohydrates in
API50CHL galleries showing a positive reaction. A weak
reaction was recorded from only one carbohydrate (glu-
cose) by A. timberlakei. The three species fermented D-
fructose within 3 to 4 days but took 5 days to ferment D-
glucose, except for A. timberlakei that produced a weak
reaction from the metabolism of D-glucose. Of the three
species, only A. timberlakei metabolized sucrose after 5
days. The unique growth and metabolic properties re-
corded for these species are consistent with those of
FLAB, ie. A. kunkeei, A. apinorum, and Fructobacillus

Spp.

Genomic features of A. micheneri, A. quenuiae, and A.
timberlakei

The genome sizes of A. micheneri, A. timberlakei, and A.
quenuiae were 1.46, 1.58, and 1.54 Mbp and the number
of CDSs 1485, 1553, and 1570, respectively. These were
similar to the genome sizes and number of CDSs re-
ported for known FLAB (Table 2, Supplemental Table
S1). The gene content profiles of the three species, based
on 21 functional categories of Cluster of Orthologous
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Fig. 1 Growth characteristics of A. micheneri JCM 33323" (a), A. quenuige JCM 33324" (b), and A. timberlakei JCM 33325" (c) in GYP broth (O), FYP
broth (A), GYP-P broth (<), and GYP broth under aerobic conditions (o). Data indicate means + standard deviations (error bars)
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Groups (COG), are summarized in Table 3. The gene
content profiles of the three species were similar and
shared similarity to those of known FLAB. All three spe-
cies have only 53 to 55 genes involved in carbohydrate
transport and metabolism (class G in COG) and the ra-
tio of these genes against total number of genes in all
COGs were only 3.4 to 3.6%, with values markedly lower
than recorded for other Lactobacillaceae species (me-
dian + SD, 8.5 + 2.4%). These findings are consistent with

the unique characteristics of known FLAB [9]. Class G
ranked 9th or 10th among the 21 COG categories. Slight
differences in amino acid transport and metabolism
(class E) were recorded between the three species and A.
kunkeei and A. apinorum. The ratio of class E in A.
micheneri, A. timberlakei, and A. quenuiae were 5.3 to
5.7% and the class ranked the 5th or 6th largest, whereas
class E in A. kunkeei and A. apinorum were 7.1 to 8.4%
and ranked 2nd. A similar profile was also observed in
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Table 1 End products from D-glucose

Strain Consumed End products (mM)? Molar Carbon
D-glucose L E A ratio recovery
(mM) of L:E:A (%)

A. micheneri JCM 33323" 3.84 (+066)° 449 (£0.94) 0.04 (+0.19) 2.38 (+0.08) 1:0.01:0.53 79.5

A. quenuiae JCM 333247 446 (£044) 5.50 (+0.84) 0.03 (+0.08) 295 (£0.23) 1:0.01:0.54 840

A. timberlakei JCM 33325" 3.55 (+0.86) 448 (+0.95) 0.02 (+0.05) 224 (£0.01) 1:0.01:0.50 84.3

2l lactate, E ethanol, A acetate
PMean (+ standard deviation)

Apilactobacillus ozensis, which does not have fructophi-
lic growth characteristics [17]. In agreement with the
small number of class G genes, Apilactobacillus miche-
neri, A. timberlakei, and A. quenuiae possessed only one
PTS gene (Table 4), and no complete PTS transporters.
Most genes used for TCA cycle and ubiquinone and
other terpenoid-quinone biosynthesis pathway were not
found, although aerobic culturing markedly enhanced
growth on D-glucose.

The metabolic and genomic characteristics of A. miche-
neri, A. quenuiae, and A. timberlakei observed in this study

are consistent with those of known FLAB, and the three
species are considered as members of the FLAB group.

A core genome phylogenetic tree was produced
based on concatenated sequences of 87 single-copy
core genes to confirm the phylogenetic relationships
between FLAB species. The tree clearly separated
FLAB species into two phylogenetic groups, i.e. the
genera Apilactobacillus and Fructobacillus (Fig. 2).
Apilactobacillus spp. were phylogenetically related to
Fructilactobacillus spp., and Fructobacillus spp. pro-
duced a cluster with members of the former family

Table 2 Species possessing small genomes (< 1.69 Mbp) included in the present study

ID Genome No. of No. of genes Mode of D-glucose
Species /Accession No. size (Mbp) CDSs in class G fermentation3
Amylolactobacillus amylophilus DSM 205337 GCA_001436185.1* 1.55 1,561 96 Homo
Amylolactobacillus amylotrophicus DSM 205347 ERR387486 1.60 1,602 89 Homo
Apilactobacillus apinorum Fhon13T GCA_001281175.1* 1.46 1,315 65 Hetero
Apilactobacillus kunkeei YH-15T GCA_001281265.1" 1.58 1,353 71 Hetero
Apilactobacillus micheneri Hlig3™ NZ_P0OS000000000° 1.46 1,485 54 Hetero
Apilactobacillus ozensis DSM 238297 ERR433479! 1.48 1,439 62 Hetero
Apilactobacillus quenuiae HV_6" NZ_POSN00000000? 1.58 1,553 53 Hetero
Apilactobacillus timberlakei HV_127 NZ_POST00000000? 1.54 1,570 55 Hetero
Dellaglioa algidus DSM 156387 GCA_001434695.11 1.59 1,531 99 Homo
Fructilactobacillus florum DSM 226897 GCA_001436645.11 1.35 1,302 61 Hetero
Fructilactobacillus fructivorans DSM 202037 SRR1151190* 1.37 1,336 73 Hetero
Fructilactobacillus lindneri JCM 110277 GCA_001311115.1* 1.44 1,632 81 Hetero
Fructilactobacillus sanfranciscensis TMW 1.1304 GCA_000225325.1* 1.38 1,402 72 Hetero
Fructobacillus durionis DSM 191137 GCA_900112405.12 1.33 1,221 61 Hetero
Fructobacillus ficulneus JCM122257 GCA_001047075.2> 1.55 1,397 69 Hetero
Fructobacillus fructosus NRIC 10587 GCA_001047095.22 1.49 1,437 61 Hetero
Fructobacillus pseudoficulneus DSM 15468 GCA_001047115.22 141 1,312 63 Hetero
Fructobacillus tropaeoli F214-17 GCA_001047135.22 1.69 1,572 74 Hetero
Holzapfelia floricola DSM 230377 GCA_001436605.1* 1.29 1,252 46 Hetero
Lactobacillus acetotolerans DSM 207497 ERR387527* 1.57 1,518 150 Homo
Lactobacillus amylolyticus DSM 116647 GCA_000178475.1* 1.54 1,567 108 Homo
Lactobacillus iners DSM 133357 GCA_000160875.1* 1.28 1,191 100 Homo
Lactobacillus jensenii DSM 205577 SRR11511621 1.62 1,478 152 Homo
Lactobacillus psittaci DSM 153547 GCA_000425905.1* 1.54 1,340 111 Homo
Lentilactobacillus senioris DSM 24302 GCA_001436555.11 1.57 1,568 75 Hetero
Leuconostoc fallax KCTC 35377 AEIZ01000000? 1.64 1,882 107 Hetero
Ligilactobacillus aviarius ssp. araffinosus DSM 206537  GCA_001435375.1% 1.48 1,414 84 Homo
Ligilactobacillus aviarius ssp. aviarius DSM 206557 ERR387530*! 1.67 1,585 102 Homo
Ligilactobacillus hayakitensis DSM 189337 ERR387461! 1.64 1,543 79 Homo
Limosilactobacillus equigenerosi DSM 187937 SRR1151138! 1.60 1,545 89 Hetero
Limosilactobacillus gorillae KZ01T GCA_001293735.1* 1.64 1,568 85 Hetero
Limosilactobacillus pontis DSM 84757 SRR11512521 1.66 1,614 107 Hetero
Limosilactobacillus secaliphilus DSM 178967 GCA_001437055.1* 1.65 1,503 156 Hetero

'Data from DAGA
2Data from NCBI Database

3Mode of D- glucose fermentation (Homo homofermentative, Hetero heterofermentative
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Table 3 Gene content profiles obtained for Apilactobacillus spp. and Fructobacillus spp

A. micheneri  A. quenuiae  A.timberlakei  A. apinorum A. kunkeei A. ozensis Fructobacillus

Hilg3T" HV_6" HvV_127 Fhon13T YH-157 DSM 238297 spp. (n =5)°
[C] Energy production and conversion 40t (2.7)? 41 (2.6) 38 (2.4) 33 (2.5) 37 (2.7) 42 (2.9) 31 (2.2)
[D] Cell cycle control, cell division, chromosome partitioning 26 (1.8) 25 (1.6) 26 (1.7) 35 (2.7) 33 (2.4) 33 (2.3) 31 (2.2)
[E] Amino acid transport and metabolism 78 (5.3) 88 (5.7) 84 (5.4) 93 (7.1) 113 (8.4) 109 (7.6) 109 (7.8)
[F] Nucleotide transport and metabolism 63 (4.2) 63 (4.1) 63 (4.0 73 (5.6) 72 (5.3) 75  (5.2) 60 (4.3)
[G] Carbohydrate transport and metabolism 54 (3.6) 53  (3.4) 55 (3.5) 65 (4.9) 71 (5.2) 62 (4.3) 56 (4.1)
[H] Coenzyme transport and metabolism 36 (2.4) 39  (2.5) 38 (2.4) 43 (3.3) 45 (3.3) 40 (2.8) 43 (3.1)
[1] Lipid transport and metabolism 37 (2.5) 39 (2.5) 37 (2.4) 44 (3.3) 46  (3.4) 44 (3.1) 35 (2.5)
[J] Translation, ribosomal structure and biogenesis 175 (11.8) 169 (10.9) 172 (11.0) 183 (13.9) 186 (13.7) 184 (12.8) 173 (12.6)
[K] Transcription 83 (5.6) 93 (6.0 84 (5.4) 81 (6.2) 83 (6.5) 9% (6.7) 79  (5.7)
[L] Replication, recombination and repair 88 (5.9) 89 (5.7) 94 (6.0) 81 (6.2) 91 (6.7) 91 (6.3) 87 (6.3)
[M] Cell wall/membrane/envelope biogenesis 73 (4.9) 82 (5.3) 87 (5.5) 77 (5.9) 88 (6.5) 77  (5.4) 70 (5.1)
[N] Cell motility 4 (0.3) 7 (0.5) 6 (0.4) 11 (0.8) 15 (1.1) 15 (1.0) 4 (03)
[O] Posttranslational modification, protein turnover, chaperones 56 (3.8) 48  (3.1) 52 (3.3) 46 (3.5) 60 (4.4) 55 (3.8) 41 (2.9)
[P] Inorganic ion transport and metabolism 44 (3.0) 39  (2.5) 43 (2.7) 47  (3.6) 46 (3.4) 52 (3.6) 47  (3.4)
[Q] Secondary metabolites biosynthesis, transport and catabolism 8 (0.5) 15 (1.0 10 (0.6) 8 (0.6) 11 (0.8) 9 (0.6) 9 (0.7)
[R] General function prediction only 86 (5.8) 90 (5.8) 82 (5.2) 74 (5.6) 83 (6.1) 90 (6.3) 71 (5.1)
[S] Function unknown 94 (6.3) 101 (6.5) 101 (6.4) 91 (6.9) 103 (7.6) 98  (6.8) 98 (7.1)
[T] Signal transduction mechanisms 28 (1.9) 27 (1.7) 30 (1.9) 32 (2.4) 33 (2.4) 37 (2.6) 24 (1.7)
[U] Intracellular trafficking, secretion, and vesicular transport 14 (0.9) 18 (1.2) 16 (1.0) 12 (0.9) 13 (1.0 12 (0.8) 14 (1.0)
[V] Defense mechanisms 21 (1.4) 29 (1.9) 33 (2.1 26 (2.0) 26 (1.9) 30 (2.1 30 (2.2)
[X] Mobilome: prophages, transposons 18 (1.2) 14 (0.9) 20 (1.3) 12 (0.9) 13 (1.0 29  (2.0) 19 (1.3)

'Number of genes in each COG class
2Ratio of genes against the total number of genes in all COGs

3The values for Fructobacillus spp. indicate means (standard deviation) of the number of genes used for the pathways in all five species

Leuconostocaceae, i.e. Leuconostoc spp. and Oenococ-
cus spp.

Evolution of FLAB species

To study the evolutional trend of FLAB in the family
Lactobacillaceae, genomes of 174 strains (167 species
and 11 subspecies) were analyzed. The CDSs of the 174
strains of the family Lactobacillaceae, including ten
strains of FLAB species, were categorized into 21 COG
classes based on their functions. The numbers of genes
assigned in the classes were compared with genome
sizes, and gradients of regression lines were obtained for
each class. The steepest gradient was obtained in class G
(carbohydrate transport and metabolism; slope = 95.5,
r* = 0.64), followed by class K (transcription; gradient =
914, r* = 0.82) (Fig. 3a and Supplemental Fig. S1). FLAB
species, i.e. Fructobacillus spp. and Apilactobacillus spp.
(excluding A. ozensis), were placed well below the re-
gression line in class G (Fig. 3b), whereas in class K, they
were close to the regression line (Supplemental Fig. S1).
Class E (amino acid transport and metabolism), class S
(function unknown), and class R (general function pre-
diction only) showed similar gradient values, ie. 61.3

(r? =0.54), 56.8 (r* =0.71), and 56.1 (r? = 0.84), respect-
ively. Even in classes related to similar functions (e.g.
metabolism), gradients differed markedly (Fig. 3a).

Pan-genome analysis based on genes involved in
metabolism

To characterize gene profiles involved in metabolism of
FLAB, genes involved in metabolic pathways were pre-
dicted in the 174 (sub) species of the family Lactobacil-
laceae, and a dendrogram was produced based on
presence/absence of the genes. Species containing small
genomes (< 1.69 Mbp) received special attention to focus
on relationships between genomic size and observed
genes for metabolism. Several clusters were produced in
the dendrogram and the separation of clusters was gen-
erally in agreement with the taxonomic positions in the
family (Fig. 4). A few exceptions were noted, e.g. Lacto-
bacillus spp. and Limosilactobacillus spp. were each sep-
arated into three groups. Apilactobacillus micheneri, A.
quenuiae, and A. timberlakei clustered with A. api-
norum, A. kunkeei, and Fructobacillus spp. (Fig. 4). Api-
lactobacillus  ozensis, Fructilactobacillus spp., and
Holzapfelia floricola were also included in the cluster.

Table 4 Number of genes in each metabolic pathway found in Apilactobacillus spp. and Fructobacillus spp

pathway A. micheneri A. quenuiae A. timberlakei A. apinorum A. kunkeei A. ozensis Fructobacillus
D! Pathway definition Hlig3" HV_6" HV_127 Fhon13T YH-15T DSM 238397 spp. (n=5)12
00020 Citrate cycle (TCA cycle) 2 2 2 1 2 1 0 (0
00130 Ubiquinone and other terpenoid-quinone biosynthesis 3 3 2 2 1 1 1.0 (0)
00190 Oxidative phosphorylation 12 14 14 10 11 1 9.2 (0.4)
02010 ABC transporters 30 30 29 30 26 31 338 (3.1)
02060 Phosphotransferase system (PTS) 1 1 1 0 0 0 0.4 (0.5)

'Data for A. apinorum, A. kunkeei, and Fructobacillus spp. were obtain from elsewhere (12)
22The values for Fructobacillus spp. indicate means (standard deviation) of the number of genes used for the pathways in all five species
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Fig. 2 Core genome phylogenetic tree of FLAB (shown with red letter) and other Lactobacillaceae species based on the multiple alignment of
protein sequences for the 87 single-copy genes. The maximum-likelihood tree was constructed using the best-fit evolutionary model using the
174 strains in the family Lactobacillaceae. The values on the branches are bootstrap support from 1000 rapid bootstrapping replicates, and only
values over 90% were indicated. Lactococcus lactis L1403 (NC_002662.1) was used as an out group

The cluster was composed of species containing small
genomes (< 1.69 Mbp). Leuconostoc spp. and Oenococcus
spp., phylogenetic relatives of Fructobacillus spp., posi-
tioned distantly from Fructobacillus spp. and formed a
single cluster. Species possessing small genomes (< 1.69
Mbp) spread into several clusters. Several FLAB species
are associated with bees. However, other bee-associated
species, i.e. five species in the Lactobacillus helsingbor-
gensis-group and two species in the Bombilactobacillus
mellifer-mellis-group, referred to as “Firm-5” and “Firm-
47, respectively [18], positioned distantly from FLAB.

A search for ‘specific’ genes present in more than 80%
of FLAB species and less than 20% of other species in
Lactobacillaceae (n = 164) yielded only one gene, encod-
ing the KO06872 uncharacterized protein (Table 5).
BLAST analysis revealed that the protein is a TPM
domain-containing protein, mainly conserved in Apilac-
tobacillus spp., Fructobacillus spp., and Lacticaseibacil-
lus spp. Likewise, the search for FLAB ‘missing’ genes

yielded 16 genes (Table 5). These included genes in-
volved in carbohydrate transport and metabolism, en-
coding IIB, IIC, and IID components of a mannose-
specific PTS system, N-acetylglucosamine-6-phosphate
deacetylase [EC:3.5.1.25], B-phosphoglucomutase [EC:
5.4.2.6], glucosamine-6-phosphate deaminase [EC:
3.5.99.6], UDP-glucose-hexose-1-phosphate uridylyl-
transferase [EC:2.7.7.12], galactokinase [EC:2.7.1.6], al-
dose 1-epimerase [EC:5.1.3.3], and maltose
phosphorylase [EC:2.4.1.8]. Genes encoding inorganic
cation transport (Cd**/Zn**-exporting ATPase [EC:
3.6.3.3 3.6.3.5]), lipid metabolism (myosin cross-reactive
antigen), and stress response proteins (osmoprotectant
transport system ATP-binding protein and heat shock
protein HtpX [EC:3.4.24.-]) were also found. When A.
ozensis, sharing similar genetic characteristics to FLAB,
was added to the FLAB group (Fructobacillus-Apilacto-
bacillus group, n =11), an additional gene was added to
the one ‘specific’ gene and four genes to the 16 ‘missing’

(a)

Il Metabolism

Il Cellular processes and signaling
Information storage and processing
Mobilome

Poor characterized
I T T

0 25 50 75 100

COG class
CZUOUPMer—x0IT4vuv<o0O0omum=xao

Gradients of regression lines

Fig. 3 Correlation between genome sizes and number of genes assigned in each COG class of 174 strains in the family Lactobacillaceae. a shows
gradients of regression lines of each COG class and (b) shows correlation between genome size and number of genes involved in carbohydrate
transport and metabolism (class G) in the 174 strains. Function of each COG class is shown in Table 3. FLAB species were marked with red points in (b)

J

(b)

500 T
€ 400
£ l__ _______ -:
9 i 1.69 Mbp
8 (. !
= 9 H
; 3 300
©
25
+~ O
Y- 0
o C
5 E
&% 200 :
E¢ A
-
<
o
2
m©
S 100 y = 95.452x - 52.387 ]
< R?=0.6306
0

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Genome size (Mbp)




Maeno et al. BMC Microbiology (2021) 21:41 Page 8 of 14

A

Em
| [

i

Lewactopacilus senm
Leviactobacilus ham

Fig. 4 The dendrogram shows hierarchical clustering produced based on presence/absence of genes involved in metabolism. FLAB were marked
in red, species possessing small genomes (< 1.69 Mb) in pink, and bee-associated LAB in blue

Table 5 ‘Specific’ and ‘'missing’ genes found in FLAB. ‘Specific’ genes and ‘missing’ genes in FLAB were defined as genes conserved
in greater than 80% of FLAB species and less than 20% of other species in Lactobacillaceae, and genes conserved in less than 20%
of FLAB species and greater than 80% of other species in Lactobacillaceae, respectively

Conservation (%)

KEGG Enzyme commission FLAB Other Lactobacillaceae
orthology  Proteins (gene) numbers Class (n=10) species (n=164)
‘Specific’ K06872 Uncharacterized protein - - 90.0 15.3
genes
K00657 (diamine N-acetyltransferase (speG))* EC2.3.1.57 Amino acid metabolism (81.8)2 (16.0)2
‘Missing’ K00691 maltose phosphorylase (mapA) EC2.4.18 Carbohydrate metabolism 0.0 81.1
genes K00849 galactokinase (galK) EC2.7.16 Carbohydrate metabolism 0.0 82.9
K00965 UDP glucose-hexose-1-phosphate uridylyltransferase (galT) EC2.7.7.12 Carbohydrate metabolism 0.0 83.5
K01443 N-acetylglucosamine-6-phosphate deacetylase (nagA) EC3.5.1.25 Carbohydrate metabolism 0.0 87.8
K01534 Cd*/Zn**-exporting ATPase (zntA) EC3.6.3.3,3.6.3.5 - 0.0 81.7
K01785 aldose 1-epimerase (galM) EC5.1.3.3 Carbohydrate metabolism 0.0 823
K01838 B-phosphoglucomutase (pgmB) EC5.4.2.6 Carbohydrate metabolism 0.0 85.4
K02564 glucosamine-6-phosphate deaminase (nagB) EC3.5.99.6 Carbohydrate metabolism 0.0 84.1
K02794 PTS system, mannose-specific 1B component (manX) EC2.7.1.69 Carbohydrate metabolism 0.0 90.9
K02795 PTS system, mannose-specific [IC component (manY) - Carbohydrate metabolism 0.0 89.6
K02796 PTS system, mannose-specific 11D component (manZ) - Carbohydrate metabolism 0.0 89.6
K03799 heat shock protein HtpX (htpX) EC3.4.34.- - 0.0 823
K05808 putative sigma-54 modulation protein (yhbH) - - 0.0 823
K05847 osmoprotectant transport system ATP-binding protein (opuA) - Membrane transport 0.0 81.1
K06958 UPF0042 nucleotide-binding protein - - 0.0 95.1
K10254 Myosin cross-reactive antigen (mycA) - - 10.0 80.0
K00135 (succinate-semialdehyde dehydrogenase (NADP*) (gabD))* EC1.2.1.16 Amino acid metabolism (18.2)2 (81.6)2
K01809 (mannose-6-phosphate isomerase (manA))* EC5.3.1.8 Carbohydrate metabolism (9.1)? (80.4)2
K03455 (monovalent cation:H* antiporter-2, CPA2 family (TC.KEF))* - - (0.0)2 (80.4)2
K07979 (GntR family transcriptional regulator (ytrA))* - - (0.0)? (80.4)2

'Protein names shown in parenthesis were further added as ‘specific’ or ‘missing’ proteins in Fructobacillus-Apilactobacillus group (n = 11) to the single specific
and 16 ‘missing’ genes found in FLAB, when A. ozensis was included in this group
2Conservation ratio was calculated for Fructobacillus-Apilactobacillus group and other Lactobacillaceae species, when A. ozensis was included in the former group
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genes (Table 5). The four ‘missing’ genes included a
gene encoding mannose-6-phosphate isomerase [EC:
5.3.1.8].

Characterization of the adhE gene and relevant enzyme
activities in FLAB

Heterofermentative LAB usually possess a single adhE
gene, encoding a 864-900 amino acids AdhE protein
containing both alcohol dehydrogenase (ADH) and acet-
aldehyde dehydrogenase (ALDH) domains. Since the
lack of activities in ALDH and ADH has a significant
impact on the growth of FLAB, the adhE gene was
screened for presence in the genomes of A. micheneri, A.
quenuiae, and A. timberlakei. Genome analysis revealed
that the three species possessed a single adhE gene
(1377 bp), encoding 458 amino acids that contained only
the ALDH domain and not the ADH domain (Fig. 5).
This genetic characteristic is consistent with A. kunkeei
(Fig. 5). Apilactobacillus apinorum completely lacks
adhE [11], but A. ozensis possess two adhE genes of dif-
ferent length, encoding 458 and 877 amino acids [5].
The sequence of AdhE in A. micheneri, A. quenuiae, and
A. timberlakei shared a 94.5 to 95.4% similarity. The se-
quence similarities of the three species were 75.5 to
76.8% related to AdhE of A. kunkeei and 73.7 to 75.6%
related to the shorter AdhE (one with 458 amino acids)
in A. ozensis.

Apilactobacillus quenuiae showed relatively strong
ALDH activity, whereas A. micheneri and A. timberlakei
displayed weak or no ALDH activity (Table 6). None of
the three species displayed ADH activity. Strong NADH
oxidase activities were observed in all three species.

Discussion

LAB have adapted to diverse environments at genomic
level, resulting in diverse phenotypic characteristics ac-
cording to their habitats [19, 20]. Of the genomic level
adaptation characterized in LAB, the adaptation of FLAB
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Table 6 Enzyme activities of ADH, ALDH, and NADH oxidase

Strain ADH  ALDH NADH
oxidase

A. micheneri JCM 33323" 0 >1 (+ 0 2411 (+713)

A. quenuiae JCM 333247 0 89 (+41) 478 (+343)

A. timberlakei JCM 333257 0 0 1310 (+ 57)

(mU/mg protein)

®Mean (+ standard deviation)

to fructose-rich niches is one of the best-characterized
and marked adaptations. The genomic characteristics of
FLAB clearly separate the group from phylogenetic rela-
tives [5, 12].

Novel bee-commensals A. micheneri, A. quenuiae, and
A. timberlakei showed typical fructophilic characteristics,
i.e. active growth on D-fructose, poor growth on D-
glucose, enhanced growth on D-glucose in the presence
of electron acceptors such as pyruvate and O,, acetate
production instead of ethanol from D-glucose metabol-
ism, mannitol production from D-fructose, poor carbo-
hydrate metabolic properties, and lack of ADH activity
(Fig. 1, Table 1). Genomic characteristics of A. miche-
neri, A. quenuiae, and A. timberlakei, including small
genome size, small number of CDSs and genes involved
in carbohydrate transport and metabolism, lack of
complete PTS transporters, and partial deletion of the
adhE gene (Tables 2, 3, and 4 and Fig. 5), were consist-
ent with findings reported for FLAB. These characteris-
tics clearly classify A. micheneri, A. quenuiae, and A.
timberlakei as novel members of FLAB. Apilactobacillus
ozensis, isolated from flowers, ferments D-glucose ac-
tively and produce ethanol [17]. Growth is repressed
when cultured aerobic. Only D-glucose and D-fructose
are metabolized. Apilactobacillus ozensis is the only
known heterofermentative LAB with two types of adhE,
encoding a 458-amino acid partially deleted AdhE and a
877-amino acid complete AdhE [5]. The complete AdhE
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allows D-glucose metabolism without electron acceptors.
On the other hand, A. ozensis has similar genomic char-
acteristics, i.e. small genome (1.48 Mbp) and small num-
bers of CDSs (1439 genes) and genes involved in
carbohydrate transport and metabolism (62 genes), with
FLAB, indicating that A. ozensis is genetically related to
FLAB. These mean that Apilactobacillus spp. are gener-
ally members of FLAB, and A. ozensis is, however, an
atypical species in the genus due to the presence of a
complete adhE gene. Lactobacillus kosoi, isolated from a
sugar-vegetable fermented beverage [21], was recently
classified as a member of the genus Apilactobacillus [10]
but was only recently considered a later heterotypic
synonym of A. micheneri [22]. Recent study found a
strain of Leuconostoc citreum showing FLAB-like poor
D-glucose metabolic property, due to the absence of an
active promoter region upstream of the adhE gene [14].
The strain showed distinct genomic characteristics from
FLAB, and the strain was thus classified as pseudo-
FLAB.

The reduction of genes involved in carbohydrate trans-
port and metabolism of FLAB has been well character-
ized [9]. With the present study we have shown that this
characteristic is generally shared amongst species of Lac-
tobacillaceae with small genomes (Fig. 3). Of the 21
COG functional categories, compared on genome sizes,
class G (genes involved in carbohydrate transport and
metabolism) showed the largest gradient of regression
(95.4), indicating that species of Lactobacillaceae have
the ability to reduce gene numbers involved in carbohy-
drate transport and metabolism in accordance with re-
duction of genome size. The reduction rate is approx. 95
genes per 1 Mbp genomic size. All FLAB positioned
below the regression line in the class G (Fig. 3b). Based
on the genome sizes and a formula for class G (y=
95.452 x — 52.387), deduced gene numbers of class G in
A. micheneri, A. quenuiae, and A. timberlakei are
approx. 87, 98, and 95, respectively. Since these species
only possess 54, 53, and 55 genes, respectively, this rep-
resent, in this order, only 62, 54, and 58% of the deduced
gene numbers.

The observed gene reduction trend in Lactobacillaceae
is not applicable to all classes related to metabolism.
Class E (genes involved in amino acid transport and me-
tabolism) showed a relatively large gradient value of
61.6. Other classes, ie. class C (energy production and
conversion), class F (nucleotide transport and metabol-
ism), class H (coenzyme transport and metabolism),
class I (lipid transport and metabolism), class P (inor-
ganic ion transport and metabolism), and class Q (sec-
ondary metabolites  biosynthesis, transport and
catabolism), displayed low values (Fig. 3a, Supplemental
Fig. S1). This would suggest that metabolism/require-
ment of carbohydrate and amino acids are highly
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dependent on species, but those of nucleotides, coen-
zymes, lipids, and inorganic ions and biosynthesis of sec-
ondary metabolites are not markedly changed, or not
common characteristics in Lactobacillaceae. In fact,
amino acid requirement and carbohydrate metabolic
properties are diverse in the family Lactobacillaceae, and
Lactiplantibacillus  plantarum and Lacticaseibacillus
casei, representatives of species possessing large ge-
nomes in the family, require small numbers of amino
acids and metabolize a variety of carbohydrates [23, 24].
FLAB positioned close to the regression line in the clas-
ses C, E, F, H, I, P, and Q, suggesting that FLAB have
only general gene reduction in these classes in accord-
ance with reduction of genome sizes. The slopes of class
D (genes involved in cell cycle control, cell division and
chromosome partitioning), class N (cell motility), and
class U (intracellular trafficking, secretion, and vesicular
transport) were only 5.1, 3.8, and 3.6, respectively, indi-
cating minor changes in gene numbers among Lactoba-
cillaceae species with different genome sizes.

Since FLAB share unique metabolic properties, gene
profiles used for metabolism were compared among 174
organisms in the family Lactobacillaceae. Surprisingly,
all FLAB, i.e. A. apinorum, A. kunkeei, A. micheneri, A.
quinuiae, A. timberlakei, and Fructobacillus spp.,
belonged to a single cluster (Fig. 4), although Apilacto-
bacillus spp. and Fructobacillus spp. are phylogenetically
distant. They were originally classified in two different
families, i.e. Lactobacillaceae and Leuconostocaceae [25],
while these families were combined during a recent
taxonomic study [10]. Leuconostoc spp. and Oenococcus
spp., which are phylogenetic relatives of Fructobacillus
spp. [9, 26], produced a single cluster, while this cluster
was clearly distinct from a cluster containing Fructoba-
cillus spp. The analysis of specifically missing genes in
FLAB revealed that a number of genes involved in
carbohydrate transport and metabolism are commonly
lacked in the organisms, especially in multiple genes in-
volved in mannose and galactose metabolic pathways.
These are well correlated with their metabolic proper-
ties, meaning that they are poor carbohydrate fermenters
and are not able to metabolize galactose or mannose.
Bacteria remove unnecessary genes involved in metabol-
ism at pathway level during adaptation to new environ-
mental conditions [27]. This clearly indicates that
fructose-rich environments forced the reduction of simi-
lar genes involved in metabolism to phylogenetically dis-
tant organisms, ie. FLAB. The adaptation to new
habitats, as observed for FLAB, is described as conver-
gent evolution. Only a few studies reported a possible
convergent evolution among the phylogenetically distant
bacteria, which are convergent evolution between LAB
and bifidobacteria by similar process of extensive loss of
genes [28] and among Gram-negative pathogens for a
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common host infection strategy [29]. The FLAB cluster
included a few non-FLAB species possessing small ge-
nomes (<1.69 Mbp), i.e. A. ozensis, Fructilactobacillus
florum, Fructilactobacillus fructivorans, Fructilactobacillus
lindleri, and Holzapfelia floricola. These species are able
to metabolize a limited number of carbohydrates [17, 30,
31]. Of the five species, A. ozensis and Fructilactobacillus
spp. are phylogenetically related to the fructophilic Apilac-
tobacillus spp. [17, 32], whereas one Fructilactobacillus
species, Fructilactobacillus sanfranciscensis, a representa-
tive LAB for sourdough fermentation [33], positioned dis-
tantly from the cluster in the dendrogram despite their
close phylogenetic relationship (Fig. 4). This might be due
to different origins of the organisms, which results in dif-
ferent nutrition requirement. Apilactobacillus ozensis, F.
florum, and H. floricola clustered with FLAB are origi-
nated from flowers [17, 30, 31], and facultative fructophilic
characteristics have been reported in F. florum [31]. On
the other hand, while several FLAB species are compo-
nents of bee microbiota, other bee-associated species, i.e.
species in L. helsingborgensis group and B. mellis-mellifer
group [15], positioned distantly from the FLAB cluster, in-
dicating that a single habitat has led multiple evolutions in
the organisms. While FLAB lack complete PTS trans-
porters, the bee-associated species possess over 40
complete PTS transporters [18]. Species possessing small
genomes (< 1.69 Mbp) spread into several clusters, and
the cluster separation is generally in agreement with their
taxonomic positions. This means that even if species in
the family Lactobacillaceae have reduced genes involved
in metabolism in accordance with reduction of genome
size, gene contents are generally conserved in each phylo-
genetic group. However, this is not applicable to Fructoba-
cillus spp., as described above.

Two genes related to bacterial stress tolerance were
also commonly ‘missing’ in FLAB (Table 5). One of the
genes, htpX, has been involved in resistance to heavy
metal, cadmium, in Escherichia coli [34], and zntA en-
coding Cd**/Zn>*-exporting ATPase, which also confers
cadmium tolerance in E. coli [35], was also a ‘missing’
gene in FLAB, suggesting that FLAB are possibly sensi-
tive to cadmium. Interestingly, A. kunkeei reduced popu-
lation in gut microbiota of honey bees exposed to
cadmium [36]. Fructophilic Apilactobacillus spp., i.e.
A. apinorum, A. kunkeei, A. micheneri, A. quenuiae,
and A. timberlakei, removed less amounts of cad-
mium than the other honey bee commensal Lactoba-
cillaceae species in a broth supplemented with
cadmium [36]. Cadmium is one of the industrial pol-
lutants, which has been found in croplands [37], one
of the working areas of honey bees. Based on the
habitats, FLAB originally had few chances to contact
cadmium, but FLAB might have a risk of exposure to
the heavy metal in gut of honey bees at present.
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Adaptation to this environmental change of the habi-
tats might influence evolution of FLAB in a future.

Conclusion

Genomic and phenotypic characteristics revealed that A,
micheneri, A. quenuiae, and A. timberlakei had under-
gone a similar reductive evolution with known FLAB in
order to adapt to fructose-rich environments and are
novel members of FLAB. Lactobacillaceae organisms
have reduced genes involved in carbohydrate transport
and metabolism in accordance with reduction of genome
size and FLAB have been characterized to reduce more
genes involved in carbohydrate transport and metabol-
ism than other species in Lactobacillaceae. Pan-genome
analysis of genes involved in metabolism suggested that
fructose-rich environments have induced similar evolu-
tion in phylogenetically distant FLAB species, and this
would be an example of convergent evolution of LAB.

Material and methods

Bacterial strains and culture conditions

Apilactobacillus micheneri JCM 33323, A quenuiae
JCM 333247, and A. timberlakei JCM 33325" were ob-
tained from Japan Collection of Microorganisms (JCM).
These strains were cultured in D-fructose (1%, w/v)-
yeast-peptone (FYP) broth at 30 °C for 24 h, as described
previously [1].

Biochemical characterization
Growth characteristics on D-fructose and D-glucose and
the requirement of external electron acceptors for D-
glucose dissimilation were determined in FYP broth,
GYP broth, and GYP broth supplemented with 1% (w/v)
sodium pyruvate (GYP-P), as previously described [1].
GYP broth differed from FYP broth by containing 1%
(w/v) D-glucose instead of D-fructose [1]. Accumulation
of lactate, acetate, and ethanol from D-glucose metabol-
ism was determined after 2 days of incubation at 30°C
in GYP broth by high performance liquid chromatog-
raphy (HPLC), as described previously [38]. Mannitol
production from D-fructose was determined in FGYP
broth using a high performance anion exchange chroma-
tography coupled with pulsed amperometric detection
(HPAEC-PAD) system (model ICS-3000, Dionex, United
Kingdom), as described previously [38]. FGYP broth
contains 1% (w/v) each of D-fructose and D-glucose.
Carbohydrate fermentation reactions were recorded
using API CHL galleries (bioMérieux, Marcyl’Etoile,
France), according to the manufacturer’s instructions.
Readings were taken for 7 days at 30 °C.

ADH, ALDH, and NADH oxidase activities were de-
termined in cells of A. micheneri, A. quenuiae, and A.
timberlakei. Culturing of the cells, preparation of cell-
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free extracts, and enzyme assays were performed as de-
scribed by Maeno et al. [5].

Genomic data of A. micheneri, A. quenuiae, A. timberlakei,
and related species

The draft genome sequences of A. micheneri, A. que-
nuiae and A. timberlakei were obtained from the RefSeq
database at NCBI or the DFAST Archive of Genome
Annotation (DAGA, https://dfast.nig.ac.jp) [39]. The an-
notated draft genome sequences or complete genome se-
quences of 171 strains of FLAB and other LAB were also
obtained from the RefSeq or DAGA, which consist of
164 species and 11 subspecies in 20 genera of the family
Lactobacillaceae. The species were selected based on a
recent taxonomic study of the genus Lactobacillus and
related taxa by Salvetti et al. [32] which separated the
genus Lactobacillus into ten phylogenetic groups, and
representative species in the ten phylogenetic groups
were included. Leuconostoc spp. and Oenococcus spp.
were also included because of their close phylogenetic
relationships with Fructobacillus spp. Strains included
are summarized in Supplemental Table S1. All genome
data included in the analysis were annotated using the
DFAST pipeline.

Phylogenetic analysis

Orthologous clusters that were conserved in the 174
strains of FLAB and other species in the family Lactoba-
cillaceae and Lactococcus lactis 1L1403 (NC_002662.1,
included as the out-group) were determined by GET_
HOMOLOGUES software (version 1.3) based on the all-
against-all bidirectional BLAST alignment and the MCL
graph-based algorithm [40]. The amino acid sequences
within each cluster were aligned using MUSCLE (version
3.8.31) [41]. Poorly aligned or divergent regions were
trimmed using Gblocks [42], and conserved regions were
then concatenated using FASconCAT-G [43]. A parti-
tioned maximum likelihood analysis was performed to
construct the phylogenetic tree with RAXML (version
8.1.22) [44] using the bestfit evolutionary models pre-
dicted for each alignment by ProtTest [45]. The number
of bootstrapping was 1000 replicates.

Genome analysis

For functional comparison of the gene contents among
the 174 strains, CDSs predicted in each strain were
assigned to COG functional classification using the
COGNITOR software [46]. For revealing correlation be-
tween genome size (Mbp) and number of genes in each
COG class, gradients of the regression lines were ob-
tained using Microsoft Excel 365. The metabolic path-
way for each strain was also predicted using the KEGG
Automatic Annotation Service (KAAS) by assigning
KEGG Orthology (KO) numbers to each predicted CDS
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[47]. Numbers of CDSs assigned with each KO number
were counted using an in-house Python script and sub-
jected to a hierarchical clustering analysis using the
hclust package in R (http://www.r-project.org). A den-
drogram was produced based on presence/absence of
genes involved in metabolism of KAAS. To study evolu-
tional trend of Lactobacillaceae species, species posses-
sing small genomes (< 1.69 Mbp, the largest genome of
FLAB, Fructobacillus tropaeoli) were highlighted in the
analyses, which contained 32 species in 11 genera (Table
2).

For further characterization of metabolic systems in
FLAB (n =10), ‘specific’ and ‘missing’ genes involved in
metabolism were identified. Genes extracted by the
KAAS prediction as described above were included in
this study. FLAB ‘specific’ genes were defined as con-
served genes in greater than 80% of FLAB species (con-
served in nine or ten strains) but in less than 20% of the
other species in the Lactobacillaceae included (n =164,
conserved in 32 strains or less), and ‘missing’ genes were
defined as genes conserved in less than 20% of FLAB
species (conserved in one or zero strains) but conserved
in greater than 80% of the other species in the Lactoba-
cillaceae included (conserved in 132 strains or more).
For finding ‘specific’ and ‘missing’ genes, we consider a
simple probabilistic model. Suppose that a gene is ran-
domly lost with probability x in each single species from
a common ancestor with all genes. Then the probabil-
ities of being lost in > 8 species (out of 10), and being
retained by >132 species (out of 164) are Z,l(:o(lko)
(1-x)"x1°-% and S22 o (Mohak (1 - )1 k. respectively.
When these values are multiplied, the resulting function
depicts a single sharp peak of height 5e-0.5 around x =
0.2. This implies that several genes may be chosen by
chance when we consider ~ 10° genes. Since the number
of pan-genome genes involved in metabolism of the 174
strains determined in KAAS was 2340, genes were se-
lected not by chance especially when they are involved
in related metabolic pathways.
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The online version contains supplementary material available at https://doi.
org/10.1186/512866-021-02101-9.

Additional file 1: Supplemental Table S1. List of strains in genomic
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