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 36 

Five novel lactic acid bacterial strains (BF125T, BF186, YK3, YK6, and YK10) were isolated from the 37 
fresh feces of Japanese black beef cattle or spent mushroom substrates and characterized using a 38 
polyphasic taxonomy method. These strains are rod-shaped, Gram-stain-positive, nonmotile, non-39 
spore-forming, catalase-negative, cytochrome oxidase-negative, facultatively anaerobic, and 40 
homofermentative. The cells of BF125T were 0.5–0.7 µm in width and 3.0–7.0 µm in length. Strain 41 
BF125T did not produce any gas from glucose; both D- and L-lactate were produced as end products of 42 
glucose (D/L, 40:60). Growth occurred at a temperature of 30–45°C (optimum, 37°C), pH of 5.0–8.0 43 
(optimum, pH 6.0), and NaCl concentration of 1.0–3.0% (w/v). The GC content of genomic DNA of 44 
strain BF125T was 37.8% (whole-genome analysis). The major fatty acids were C16:0, C18:1 w9c, C19:0 45 
cyclo w8c, and summed feature 10. Strain BF125T retained high similarity of the 16S rRNA gene to the 46 
type strain of Lactobacillus amylovorus (99.93%), and the other isolates were also identified as L. 47 
amylovorus based on high 16S rRNA gene similarities. Comparison of the core genomes of L. 48 
amylovorus strains, including the five isolates, showed that they could be divided into two clusters, and 49 
phenotypic differences in fermentability were observed for D-lactose, salicin, and gentiobiose between 50 
these two groups. Digital DNA-DNA hybridization (dDDH) and average nucleotide identity (ANI) 51 
analyses showed that both categories were below the thresholds for defining subspecies (maximum 52 
dDDH value, 77.2%; maximum ANI value, 96.50%). In light of the physiological, genotypic, and 53 
phylogenetic evidence, we propose a novel subspecies of L. amylovorus, L. amylovorus subsp. animalis 54 
subsp. nov. Type strain: BF125T (= MAFF 212522T = DSM 115528T). Our results also led to the 55 
automatic creation of L. amylovorus subsp. amylovorus subsp. nov. and an emended description of the 56 
species L. amylovorus. 57 

 58 

 59 

Introduction 60 

 61 

Lactic acid bacteria are a general term for bacteria that ferment sugars and produce large amounts of 62 
lactic acid [1]. They exist in various environments, including human and animal bodies, and have long 63 
been used in the production of fermented foods such as yogurt, cheese, pickles, and sake. Recently, as 64 
the useful functions of lactic acid bacteria (intestinal regulation, immunomodulation, prevention of 65 
arteriosclerosis, and antitumor action) have been scientifically proven, their effects on human health 66 
have attracted attention [2] . 67 

Lactobacillus is the main genus of lactic acid bacteria, with 261 species being reported as of 2019 [3]. 68 
Their classification and identification are based on Gram staining, cell morphology, catalase reaction, 69 
lactic acid yield from glucose, endospore formation ability, and phylogenetic analyses via DNA-DNA 70 
hybridization (DDH) and 16S rRNA gene sequences. However, it has been pointed out that DDH is 71 
complicated [4] and that the high conservation of 16S rRNA gene sequences among bacterial species 72 
prevents adequate species inference for some groups of bacteria [5]. Therefore, with the development 73 
of next-generation sequencing in recent years, genome comparisons have been used for the 74 
classification and identification of bacterial species and subspecies, as well as for the identification of 75 
new taxa. In 2020, Zheng et al. conducted a genomic-level reclassification of all Lactobacillus species 76 
previously classified in this genus [3]. The analyses included average nucleotide identity (ANI), average 77 
amino acid identity, and core genome phylogeny. Based on these analyses, Lactobacillus was 78 
reclassified into 25 genera, and 23 new genera were proposed. After reclassification, we isolated 79 
Lactobacillus corticis B40T as a novel species from woody biomass, a previously unreported source of 80 



this genus [6]. At the time of writing, the genus Lactobacillus comprised 44 validly named species 81 
(www.bacterio.net; List of Prokaryotic names with Standing in Nomenclature) [7]. 82 

Lactobacillus amylovorus is a member of the genus (ex-) Lactobacillus and has been isolated from 83 
various environments, such as cattle waste-corn fermentation, the intestinal tracts of pigs and cattle, and 84 
corn steep liquor, a by-product of starch production from corn [8-11]. Certain L. amylovorus strains 85 
exhibit probiotic effects; for example, they can be used to improve lipid metabolism and as antibacterial 86 
agent [12, 13]. Research in the field of livestock production has also contributed to improvements in 87 
silage quality [14]. Thus, L. amylovorus is adaptable to a wide range of environments, including animals 88 
and plants, and is a promising lactic acid bacterium for commercial use (health, food, feed, and livestock 89 
production). 90 

As part of a project that aims to isolate L. amylovorus strains with economically useful traits and 91 
elucidate their biodiversity and host adaptation, we isolated five L. amylovorus strains [two strains from 92 
bovine feces (BF125T and BF186) and three strains from spent mushroom substrates (YK3, YK6, and 93 
YK10)] and characterized them using a polyphasic approach to determine their taxonomic position. 94 

 95 

 96 

Isolation and ecology 97 

 98 

Strains BF125T and BF186 were isolated from fresh feces of Japanese black beef cattle reared in an 99 
experimental field of the Institute of Livestock and Grassland Science, NARO (Nasushiobara, Tochigi, 100 
Japan; longitude 139° 55′ 49″, latitude 36° 55′ 9″). Immediately after sampling, serial 10-fold dilutions 101 
of fecal homogenates were prepared with phosphate-buffered saline (pH 7.4). The diluted samples were 102 
streaked onto de Man, Rogosa, and Sharpe (MRS; Difco, Detroit, MI, USA) agar plates. After 3 d of 103 
incubation at 37 °C in an O2-free environment containing N2/H2/CO2 (80/10/10%) in an ANX-1 TE-104 
HER Hard Anaerobox (Hirasawa, Japan), strains BF125T and BF186 were isolated from fecal samples 105 
derived from different cattle. Strains YK3, YK6 and YK10 were isolated from a corn cob-based spent 106 
mushroom substrate collected from a temporary storage location in Hara-mura, Nagano, Japan 107 
(longitude 138° 16′ 7″, latitude 35° 58′ 45″) together with other strains that have been designated as 108 
novel species of the genera Ligilactobacillus and Lentilactobacillus [15, 16]. The three strains were 109 
isolated from the homogenates of the spent mushroom substrate following incubation on MRS agar 110 
plates for 72 h at 30 °C in the anaerobic chamber. The purified colonies were stored at −80 °C with 111 
20% (v/v) dimethyl sulfoxide until analysis. 112 

 113 

 114 

 115 

16S rRNA phylogeny 116 

 117 

The 16S rRNA genes were amplified via PCR using primers 27F and 1492R [17] and sequenced as 118 
described previously [18]. The 16S rRNA sequences (nearly full-length) of all the isolates were 119 
compared with those of the type strains of the valid species using the EzBioCloud database [19]. The 120 
similarity values of the 16S rRNA gene sequences were calculated using a pairwise nucleotide sequence 121 
alignment [19]. Based on similarities in the 16S rRNA gene sequences, the two strains isolated from 122 



bovine feces (BF125T and BF186) were affiliated with the genus Lactobacillus, showing the highest 123 
sequence similarities with L. amylovorus DSM 20531T (accession no. AZCM01000082; 99.93%), L. 124 
kitasatonis JCM 1039T (BALU01000027; 99.60%), L. crispatus DSM 20584T (AZCW01000112; 125 
98.86%), and other Lactobacillus species (< 98.65% used for the threshold values for species 126 
differentiation) [20]. Three strains isolated from spent mushroom substrates also showed the highest 127 
similarity values of 100% (YK3), 99.93% (YK6), and 100% (YK10) to L. amylovorus DSM 20531T. 128 
The sequences of the five isolates were 99.87–100% similar to each other. 129 

The obtained 16S rRNA sequences were aligned with publicly available sequences of the type strains 130 
of closely related species and reference strains of L. amylovorus using MAFFT (version 7.520) [21] in 131 
auto mode. The multiple sequence alignment was trimmed by trimAl (version 1.4.1) with the parameter 132 
“-gappyout” [22]. A neighbor-joining (NJ) tree based on Kimura’s two-parameter model [23] was 133 
reconstructed using RapidNJ (version 2.3.2) [24]. Maximum-likelihood (ML) analysis was performed 134 
in IQ-TREE (version 2.2.2.3) [25] using the best-fit model (TVMe+I+R2) selected using ModelFinder 135 
[26]. The alignment was also used to build a maximum-parsimony (MP) phylogenetic tree using MEGA 136 
software (version 11) [27]. The reliability of the tree topologies was evaluated using bootstrap analysis 137 
with 1,000 replications. The 16S rRNA phylogenetic trees obtained using the three algorithms were 138 
visualized using Interactive Tree Of Life (iTOL) (version 6) [28]. The overall NJ (Fig. S1), ML (Fig. 139 
S2), and MP (Fig. S3) topological structures revealed that the five isolates were in a clade containing 140 
reference strains and the type strain of L. amylovorus, suggesting that all isolates should be identified 141 
as L. amylovorus. Strains YK3, YK6, and YK10 belonged to an intraspecific group represented by L. 142 
amylovorus DSM 20531T (group A), which was separated from another group, group B, which included 143 
strains BF125T, BF186 and other references isolated from various animal origins, with strong bootstrap 144 
values (NJ 99%, ML 92%, and MP 99%). To clarify their taxonomic positions, a comparison based on 145 
whole genome sequences is presented in the following section.  146 

 147 

 148 

Genome features 149 

 150 

Genomic DNAs was extracted from strains BF125T, BF186, YK3, YK6, and YK10 for whole-genome 151 
sequence analysis using Illumina MiSeq or NovaSeq 6000 (Illumina, San Diego, CA, USA), as 152 
previously reported [29, 30]. After filtering low-quality reads and trimming adapter sequences using 153 
fastp (version 0.23.4) [31], draft genomes were assembled using SKESA (version 2.4.0) [32] and 154 
annotated using the DFAST pipeline (version 1.2.0) [33]. Genomic quality was evaluated using the 155 
CheckM software (maker set, Lactobacillus) [34] in DFAST. Summary statistics for the genome 156 
sequences are shown in Table S1. After related draft genomes were obtained from the National Center 157 
for Biotechnology Information Assembly Database, the prediction and classification of clusters of 158 
orthologous groups (COGs) associated with the protein-coding sequences were analyzed using a Pan-159 
genome Explorer [35] to obtain an initial view of the genetic diversity of L. amylovorus. The pan-160 
genome shapes of the 10 analyzed L. amylovorus genomes are presented in Fig. S4. A total of 4,270 161 
gene clusters (orthologs) were identified, of which 1,195 comprised the core genome (28.0%), 1,546 162 
were dispensable genes (36.2%), and 1,529 were strain-specific genes (35.8%). The protein-coding 163 
genes of strain BF125T were clustered into 18 COG categories, which were similar in all compared 164 
genomes, except for a minor COG category percentage of less than 1.2% (Fig. S5). The most abundant 165 
COG category in the genome of strain BF125T was general function prediction only [R] (20.8%), 166 
followed by inorganic ion transport and metabolism [P] (15.3%), amino acid transport and metabolism 167 
[E] (12.3%), and carbohydrate transport and metabolism [G] (6.1%). 168 



Phylogenetic analysis based on 166 conserved core genes was conducted using the PanACoTA pipeline 169 
(version 1.2.0) [36]. The ML core genome tree based on the best-fit model (GTR+F+I+R4) was 170 
reconstructed using IQ-TREE and ModelFinder and visualized using iTOL, as described above. The 171 
core genome phylogenetic tree revealed that the five isolates were assigned to L. amylovorus, and that 172 
the groups A and B formed distinct lineages within the same species, respectively, supported by 100% 173 
bootstrap value (Fig. 1). Similar to the results of 16S rRNA phylogeny, the type strain DSM 20531T 174 
(isolated from cattle waste-corn fermentation [8]) and three strains isolated from spent mushroom 175 
substrates (YK3, YK6, and YK10 in the present study) were in the same cluster (group A), while  176 
group B included strains isolated from various animal origins; BF125T (bovine feces, in the present 177 
study), BF186 (bovine feces, in the present study), Bifido-178-WT-3C (porcine feces, shown in the 178 
BioSample accession SAMN14558271), S60 (bovine nasopharynx [37]), AF08-3 (human feces, 179 
SAMN09734196), and DSM 16698 (intestine of weaning piglets [38]). Strain DSM 16698 was first 180 
proposed as a novel species in the genus ex-Lactobacillus, Lactobacillus sobrius, and is closely related 181 
to L. amylovorus. The original classification of the strain DSM 16698 was established by a low value 182 
of the classical DDH (49%), the ability to utilize raffinose and fructo-oligosaccharides, and the ability 183 
to grow at 45 °C as compared to the type strain of L. amylovorus [38]. However, a later study 184 
reclassified L. sobrius as a synonym of L. amylovorus based on the > 70% threshold value of the 185 
classical DDH experiments (> 79%) [39]. Our results and previous findings provide insights into the 186 
phenotypic and genotypic diversity of L. amylovorus. 187 

To determine the exact taxonomic positions of the five isolates, ANI based on BLAST was calculated 188 
using JSpeciesWS [40], and digital DNA-DNA hybridization (dDDH) was performed using Genome-189 
to-Genome Distance Calculator 3.0 [41]. Five isolates were identified as a single L. amylovorus species 190 
because they had ANI values greater than the 95–96% species boundary [42] against the type strain 191 
DSM 20531T (Fig. 2). The ANI values within groups A and B ranged from 97.70–99.56% and from 192 
97.58–99.96%, respectively, whereas the maximum ANI value between the groups was 96.50%. The 193 
ANI value between strain BF125T (representative of group B) and the type strain DSM 20531T (group 194 
A) was 96.21%. In addition to the proposed cut-off value for ANI to separate a prokaryotic subspecies 195 
(≥ 98%) [43], Tanizawa et al. evaluated ANI values among six subspecies of Lactobacillus delbrueckii, 196 
which is a type species of the genus Lactobacillus, and found that they ranged from 97.2–98.4% [44]. 197 
Hence, the ANI values between groups A and B were lower than those observed among L. delbrueckii 198 
subspecies, indicating that the two groups differ at the subspecies level. Furthermore, the highest dDDH 199 
value between the two groups was 77.2%, which was found to be below the threshold for recognition 200 
as a subspecies (79–80%) [45]. The dDDH value between strain BF125T and the type strain DSM 20531T 201 
was 74.1%, strongly suggesting that both groups are two novel subspecies. 202 

 203 

 204 

 205 

Physiology and chemotaxonomy 206 

 207 

Cell morphology was observed after 2 d of incubation at 37 °C under anaerobic conditions 208 
(AnaeroPackTM-Anaero; Mitsubishi Gas Chemical Company, Japan). Gram staining was performed 209 
using a Gram Stain Kit (ScyTek Laboratories, Inc., UT, USA). Spore formation was confirmed using 210 
the Scheffer-Fulton-modified Wirtz staining method (Wirtz Stain Kit; Muto Pure Chemicals, Ltd., 211 
Tokyo, Japan). Colony morphology and size were observed after incubation on MRS agar plates for 2 212 
d at 37 °C under anaerobic conditions. The presence of gas produced from the glucose in the MRS 213 
medium was determined using Durham tubes. Dextran production was observed in MRS agar medium 214 



with sucrose (5%) replacing glucose as the carbon source, and colony status was observed. Catalase 215 
activity was determined by adding 3% (v/v) H2O2 to the colonies on the plates. The oxidase activity 216 
was determined using a cytochrome oxidase test strip 'Nissui' (Nissui Pharmaceutical Co. Ltd., Tokyo, 217 
Japan) according to the manufacturer's instructions. The lactic acid configuration was analyzed via an 218 
enzymatic method using an F-kit D-lactic acid/L-lactic acid kit (JK International, Inc., TN, USA). After 219 
the cells were incubated statically for 48 h in MRS broth at various pH (pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 220 
9.0, and 10.0), NaCl concentrations [0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10% (w/v)], or temperature conditions 221 
(15, 20, 25, 30, 37, 45 and 50 °C), the optical density at 660 nm and the culture pH were measured to 222 
determine pH tolerance, salt tolerance, and temperature growth. Physiological and biochemical 223 
characteristics were analyzed using API 50 CH strips (bioMérieux, France) and API ZYM (bioMérieux) 224 
in duplicate at 37 °C, according to the manufacturer’s instructions. The cellular fatty acid profiles 225 
derived from cells cultivated on MRS agar plates at 37 °C for 2 d were analyzed using the Sherlock 226 
Microbial Identification System (MIDI) (version 6.0; database: MOORE6) by the identification service 227 
of Techno Suruga Laboratories. 228 

Although the fatty acid compositions of the strains BF125T, DSM 16698, and YK10 were relatively 229 
similar, differences were evident in strain DSM 20531T, with C14:0 being the major component. However, 230 
no particular fatty acid was a taxonomically useful marker for intraspecific differentiation (Table S2). 231 
The major fatty acids detected in strain BF125T were C18:1 w9c (31.3%), C16:0 (22.7%), C19 cyclo 9,10 232 
(16.7%), and summed feature 10 (15.0%). In addition to genotypic evidence, the phenotypic differences 233 
between the two groups are summarized in Table 1. All tested strains in group A were able to ferment 234 
salicin and gentiobiose, whereas those in group B could not. Members of group B differed uniquely 235 
from those of group A in terms of being positive for acid production from lactose. Thus, groups A and 236 
B can be differentially characterized by their fermentability. Salicin is a b-glycoside found in several 237 
species of Salix and Populus, and b-glycoside is originally known in nature as a plant metabolite and is 238 
abundant in plant bodies [46]. Gentiobiose is a b-linked glucobiose found in gentian root [47], indicating 239 
that both salicin and gentiobiose are highly related to plants. Considering that strains of group A are 240 
isolated from plant-related sources, the ability to utilize these plant-related carbohydrates could play a 241 
significant role in the environmental adaptation of group A. In contrast, lactose, which is fermentable 242 
only by group B, is the major carbohydrate in most eutherian milks [48]. Members of Group B were 243 
isolated from various sources related to animals in the Eutheria group, as described above, suggesting 244 
that this group is more likely to be related to animals. Interestingly, analysis using the Pan-genome 245 
Explorer showed that group B retained a dispensable gene for lactose permease, which is an integral 246 
membrane protein responsible for lactose uptake [49], whereas group A did not. These results suggest 247 
that the mechanism underlying lactose uptake is an important factor in the diversity and host adaptation 248 
of L. amylovorus. Several variable reactions in each group were observed as follows; (i) D-mannitol, 249 
methyl-a-D-glucopyranoside, D-melibiose, D-raffinose, glycogen, and D-turanose assimilation in group 250 
A; (ii) D-galactose, D-mannose, and D-raffinose assimilation in group B; (iii) production of cystine 251 
arylamidase, a-galactosidase, and b-galactosidase in group A; and (iv) production of esterase lipase 252 
(C8) and a-galactosidase in group B. These findings suggest that these features are strain-specific and 253 
that all isolates obtained in this study are not clonal. Detailed physiological and biochemical 254 
characteristics are provided in the taxonomic descriptions below. 255 

Based on the results of this polyphasic approach, we propose that L. amylovorus can be divided into 256 
two subspecies. We propose the creation of Lactobacillus amylovorus subsp. animalis subsp. nov. with 257 
the type strain BF125T (= MAFF 212522T = DSM 115528T), and the automatic creation of Lactobacillus 258 
amylovorus subsp. amylovorus subsp. nov. with the type strain (ATCC 33620T = CCUG 27201T =CIP 259 
102989T = DSM 20531T =JCM 1126T = LMG 9496T = NCAIM B.01458T = NRRL B-4540T). Based on 260 
the results of the newly reported characteristics in the present study, an emended description of 261 
Lactobacillus amylovorus Nakamura 1981 has also been provided. 262 



 263 

 264 

 265 

Emended description of Lactobacillus amylovorus Nakamura 1981 266 

  267 

Lactobacillus amylovorus (a.my.lo.vo’rus. Gr. neut. n. amylon starch; L. v. vorare to devour; N. L. 268 
masc. adj. amylovorus starch-devouring). 269 

  270 

The following characteristics emended those reported in the original description by Nakamura [8] and 271 
in a list of species properties by Zheng et al. [3].  272 

  273 

Cells are Gram-stain-positive, nonmotile, non-spore-forming, catalase-negative, oxidase-negative, 274 
facultatively anaerobic, homofermentative, and rod-shaped. The cells grow individually and in short 275 
chains. The agar colonies are white, convex, smooth, circular, complete, and opaque. The broth is turbid 276 
or clears after a few days owing to the settling of the cells. They produce both D- and L-lactate and 277 
small amounts of acetate but no gas from glucose or gluconate. Growth temperatures are as follows: 278 
optimum, 37 to 45 °C; minimum, 20 to 25 °C; and maximum, 45 to 50 °C. In the API 50 CH test system 279 
(incubation at 37 °C for 2 d), acids are produced from D-glucose, D-fructose, N-acetyl-glucosamine, 280 
esculin ferric citrate, and D-maltose, but not from glycerol, erythritol, D-arabinose, L-arabinose, D-281 
ribose, D-xylose, L-xylose, D-adonitol, methyl-b-D-xylopyranoside, L-sorbose, L-rhamnose, dulcitol, 282 
inositol, D-sorbitol, methyl-a-D-mannopyranoside, inulin, D-melezitose, xlitol, D-lyxose, D-tagatose, 283 
D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, and 5-keto-gluconate. Variable 284 
reactions for acid production from D-galactose, D-mannose, D-mannitol, methyl-a-D-glucopyranoside, 285 
amygdalin, arbutin, salicin, D-cellobiose, D-lactose, D-melibiose, D-sucrose, D-trehalose, D-raffionose, 286 
starch, glycogen, gentiobiose, and D-turanose are observed. In the API ZYM test system, positive 287 
reactions are observed for esterase (C4), leucine arylamidase, valine arylamidase, acid phosphatase, 288 
naphthol-AS-BI-phosphohydrolase, a-glucosidase, and b-glucosidase. Negative reactions are obtained 289 
from alkaline phosphatase, lipase (C14), trypsin, a-chymotrypsin, b-glucuronidase, N-acetyl-b-290 
glucosaminidase, a-mannosidase, and a-fucosidase. Various reactions are obtained from esterase lipase 291 
(C8), cystine arylamidase, and a-galactosidase. An extracellular amylolytic enzyme is then formed. 292 
Nitrate is not reduced to nitrite. Nicotinic acid, pantothenic acid, folic acid, and riboflavin are essential 293 
for growth, whereas thiamine is not required. C14:0, C16:0, C18:1 w9c, and C19 cyclo9, 10 are the major 294 
fatty acids in strain DSM 20531T. The genome size of the type strain is 2.02 Mbp, and the mol% G+C 295 
content of the DNA is 37.8 (whole-genome analysis). This microorganism is a characteristic 296 
representative of the swine intestinal microbiota [50, 51], and has been isolated from other environments, 297 
such as sourdough, cattle waste-corn fermentation, spent mushroom substrates, and bovine feces. The 298 
type strain is ATCC 33620T = CCUG 27201T =CIP 102989T = DSM 20531T = JCM 1126T = LMG 299 
9496T = NCAIM B.01458T = NRRL B-4540T, isolated from cattle waste-corn fermentation. The 300 
GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain DSM 20531T is 301 
AY944408. The genome sequence accession number for strain DSM 20531T is AZCM00000000.  302 

 303 
 304 

Description of Lactobacillus amylovorus subsp. amylovorus subsp. nov.    305 



  306 

Lactobacillus amylovorus subsp. amylovorus (a.my.lo.vo’rus. Gr. neut. n. amylon starch; L. v. vorare 307 
to devour; N. L. masc. adj. amylovorus starch-devouring). 308 

  309 

The description is essentially in agreement with that given above for the species Lactobacillus 310 
amylovorus, with the following modifications. 311 

  312 

In the API 50 CH test system (incubation at 37 °C for 2 d), acids are produced from D-galactose, D-313 
glucose, D-fructose, D-mannose, N-acetyl-glucosamine, esculin ferric citrate, salicin, D-maltose, D-314 
trehalose, and gentiobiose, but not from glycerol, erythritol, D-arabinose, L-arabinose, D-ribose, D-315 
xylose, L-xylose, D-adonitol, methyl-b-D-xylopyranoside, L-sorbose, L-rhamnose, dulcitol, inositol, D-316 
sorbitol, methyl-a-D-mannopyranoside, inulin, D-melezitose, xylitol, D-lyxose, D-tagatose, D-fucose, 317 
L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, and 5-keto-gluconate. Variable reactions 318 
are observed for acid production from D-mannitol, methyl-a-D-glucopyranoside, amygdalin, arbutin, 319 
D-cellobiose, D-lactose, D-melibiose, D-sucrose, D-raffinose, starch, glycogen, and D-turanose. In the 320 
API ZYM test system, positive reactions are observed for esterase (C4), leucine arylamidase, valine 321 
arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-glucosidase, and b-glucosidase. 322 
Negative reactions are obtained from alkaline phosphatase, esterase lipase (C8), lipase (C14), trypsin, 323 
a-chymotrypsin, b-glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase, and a-fucosidase. The 324 
reactions of the following enzymes vary: cystine arylamidase, a-galactosidase, and β-galactosidase. 325 
The type strain is ATCC 33620T = CCUG 27201T =CIP 102989T = DSM 20531T = JCM 1126T = LMG 326 
9496T = NCAIM B.01458T = NRRL B-4540T, isolated from cattle waste-corn fermentation. At least 327 
three additional strains (YK3, YK6, and YK10) are included in this subspecies.  328 

 329 
 330 

Description of Lactobacillus amylovorus subsp. animalis subsp. nov.    331 

  332 

Lactobacillus amylovorus subsp. animalis (a.ni.ma’lis. L. gen. neut. n. animalis, of a living being, an 333 
animal). 334 

  335 

Cells are Gram-stain-positive, nonmotile, non-spore-forming, catalase-negative, cytochrome oxidase-336 
negative, facultatively anaerobic, homofermentative, and rod-shaped. The cells of BF125T are 0.5–0.7 337 
µm in width and 3.0–7.0 µm in length. Colonies grown on MRS agar plates at 37 °C for 3 d under 338 
anaerobic conditions are 1.0-2.0 mm in diameter and milky white, round, and glossy in appearance. 339 
This strain does not produce any gas from glucose; both D- and L-lactate are produced as end products 340 
of glucose (D/L, 40:60). Growth occurs at a temperature of 30–45 °C (optimum 37 °C), pH of 5.0–8.0 341 
(optimum pH 6.0), and NaCl concentration of 1.0–3.0% (w/v). In the API 50 CH test system (incubation 342 
at 37 °C for 2 d), acids are produced from D-galactose, D-fructose, N-acetyl-glucosamine, esculin ferric 343 
citrate, D-cellobiose, D-maltose, D-lactose, D-sucrose, and starch, but not from glycerol, erythritol, D-344 
arabinose, L-arabinose, D-ribose, D-xylose, L-xylose, D-adonitol, methyl-b-D-xylopyranoside, L-345 
sorbose, L-rhamnose, dulcitol, inositol, D-mannitol, D-sorbitol, methyl-a-D-mannopyranoside, methyl-346 
a-D-glucopyranoside, amygdalin, arbutin, salicin, D-melibiose, inulin, D-melezitose, glycogen, xylitol, 347 
gentiobiose, D-turanose, D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-348 



keto-gluconate, and 5-keto-gluconate. Variable reactions have been observed for acid production from 349 
D-galactose, D-mannose, D-trehalose, and D-raffinose. In the API ZYM test system, positive reactions 350 
are obtained from esterase (C4), leucine arylamidase, valine arylamidase, cystine arylamidase, acid 351 
phosphatase, naphthol-AS-BI-phosphohydrolase, b-galactosidase, a-glucosidase, and b-glucosidase. 352 
Negative reactions are obtained from alkaline phosphatase, lipase (C14), trypsin, a-chymotrypsin, b-353 
glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase, and a-fucosidase. The reactions of the 354 
following enzymes vary: esterase lipase (C8) and a-galactosidase. Dextran is not produced from 355 
sucrose, and ammonia is not produced from arginine. C16:0, C18:1 w9c, C19:0 cyclo w8c, and summed 356 
feature 10 are the major fatty acids in strain BF125T. The genome size of the type strain is 1.98 Mbp, 357 
and the mol% G+C content of the DNA is 37.8 (whole-genome analysis). The type strain BF125T (= 358 
MAFF 212522T = DSM 115528T) is isolated from bovine feces. At least five additional strains [BF186, 359 
Bifido-178-WT-3C (= DSM 107288), S60, AF08-3, and DSM 16698] are included in this subspecies. 360 
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain BF125T is 361 
LC771959. The INSDC accession number for the draft genome sequence of strain BF125T is BTFR01. 362 

 363 
 364 

AUTHOR STATEMENTS 365 

 Authors and contributors 366 

Conceptualization: Y. T. and M. T. Data Curation: K. Y., Y. T., and M. T. Formal Analysis: K. Y., Y. 367 
T., and M. T. Funding acquisition: H. K., T. K., and M. T. Investigation: K. Y., Y. T., H. K., T. K., H. 368 
T., M. T. Methodology: K. Y., Y. T., and M. T. Project administration: H. T. and M. T. Resources: K. 369 
Y., Y. K., and M. T. Software: K. Y., Y. T., and M. T. Supervision: M. T. Validation: K. Y., Y. T., H. 370 
K., T. K., Y. K., H. T., M. T. Visualization: K. Y. and M. T. Writing–original draft: K. Y. and M. T. 371 
Writing–review & editing: K. Y., Y. T., H. K., T. K., Y. K., H. T., M. T. 372 

 373 

 Conflicts of interest 374 

K. Y. and H. T. are employees of Nihon Shokuhin Kako Co., Ltd.. H. K., T. K., and M. T. received 375 
research grants from Nihon Shokuhin Kako Co., Ltd.. The authors declare no conflicts of interest. 376 

 377 

 Funding information 378 

This study was partly supported by a research grant from the NARO Gender Equality Program and the 379 
GenBank Project (Microorganism Section). 380 

 381 

 Ethical approval 382 

All animal studies were conducted in accordance with the Animal Care and Use Guidelines of NARO. 383 

 384 

Consent for publication 385 

Not applicable. 386 

 387 



Acknowledgments 388 

We would like to sincerely express our heartfelt gratitude to Ms. M. Ezure, Ms. N. Tsukie, Ms. Y. Igaki, 389 
and Ms. C. Kanazawa for their expert advice, technical assistance, and insightful discussions. We also 390 
sincerely thank Dr. S. Kawakami for his kind help in sampling the bovine feces. The NIG 391 
supercomputer at the Research Organization of Information and Systems (ROIS) was used for the 392 
computational analysis. The authors would like to express their gratitude to Editage for English 393 
language review.  394 

 395 

 396 

ABBREVIATIONS 397 

 398 

ANI, average nucleotide identity; COG, cluster of orthologous group; dDDH, digital DNA-DNA 399 
hybridization; iTOL, interactive tree of life; MRS, de Man, Rogosa, and Sharpe; NJ, neighbor-joining; 400 
ML, maximum likelihood; MP, maximum-parsimony; MIDI, microbial identification system. 401 

 402 

 403 

REFERENCES 404 

 405 

1. Hatti-Kaul R, Chen L, Dishisha T, Enshasy HE. Lactic acid bacteria: from starter cultures to 406 
producers of chemicals. FEMS Microbiol Lett 2018;365(20). doi:10.1093/femsle/fny213 407 

2. Gilliland SE. Health and nutritional benefits from lactic acid bacteria. FEMS Microbiol Rev 1990;7(1-408 
2):175-188. doi:10.1111/j.1574-6968.1990.tb04887.x 409 

3. Zheng J, Wittouck S, Salvetti E, Franz C, Harris HMB et al. A taxonomic note on the genus 410 
Lactobacillus: Description of 23 novel genera, emended description of the genus Lactobacillus Beijerinck 1901, 411 
and union of Lactobacillaceae and Leuconostocaceae. Int J Syst Evol Microbiol 2020;70(4):2782-2858. 412 
doi:10.1099/ijsem.0.004107 413 

4. Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P et al. DNA–DNA 414 
hybridization values and their relationship to whole-genome sequence similarities. Int J Syst Evol Microbiol 415 
2007;57(1):81-91. doi:10.1099/ijs.0.64483-0 416 

5. Stackebrandt E, Goebel BM. Taxonomic note: A place for DNA-DNA reassociation and 16S rRNA 417 
sequence analysis in the present species definition in bacteriology. Int J Syst Evol Microbiol 1994;44(4):846-849. 418 
doi:10.1099/00207713-44-4-846 419 

6. Tohno M, Tanizawa Y, Kojima Y, Sakamoto M, Ohkuma M et al. Lactobacillus corticis sp. nov., 420 
isolated from hardwood bark. Int J Syst Evol Microbiol 2021;71(7). doi:10.1099/ijsem.0.004882 421 

7. Parte AC, Sardà Carbasse J, Meier-Kolthoff JP, Reimer LC, Göker M. List of prokaryotic names 422 
with standing in nomenclature (LPSN) moves to the DSMZ. Int J Syst Evol Microbiol 2020;70(11):5607-5612. 423 
doi:10.1099/ijsem.0.004332 424 

8. Nakamura LK. Lactobacillus amylovorus, a new starch-hydrolyzing species from cattle waste-corn 425 
fermentations. Int J Syst Evol Microbiol 1981;31(1):56-63. doi:10.1099/00207713-31-1-56 426 



9. De Vuyst L, Callewaert R, Crabbé K. Primary metabolite kinetics of bacteriocin biosynthesis by 427 
Lactobacillus amylovorus and evidence for stimulation of bacteriocin production under unfavourable growth 428 
conditions. Microbiology 1996;142(4):817-827. doi:10.1099/00221287-142-4-817 429 

10. Contreras BG, De Vuyst L, Devreese B, Busanyova K, Raymaeckers J et al. Isolation, purification, 430 
and amino acid sequence of lactobin A, one of the two bacteriocins produced by Lactobacillus amylovorus LMG 431 
P-13139. Appl Environ Microbiol 1997;63(1):13-20. doi:doi:10.1128/aem.63.1.13-20.1997 432 

11. Romain M, Patrick D, Christine Z, Anne MP. Evaluation of Lactobacillus sobrius/L. amylovorus as 433 
a new microbial marker of pig manure. Appl Environ Microbiol 2010;76(5):1456-1461. 434 
doi:doi:10.1128/AEM.01895-09 435 

12. Nakamura F, Ishida Y, Aihara K, Sawada D, Ashida N et al. Effect of fragmented Lactobacillus 436 
amylovorus CP1563 on lipid metabolism in overweight and mildly obese individuals: a randomized controlled 437 
trial. Microb Ecol Health Dis 2016;27:30312. doi:10.3402/mehd.v27.30312 438 

13. Peyer LC, Bellut K, Lynch KM, Zarnkow M, Jacob F et al. Impact of buffering capacity on the 439 
acidification of wort by brewing-relevant lactic acid bacteria. J Inst Brew 2017;123(4):497-505. 440 
doi:10.1002/jib.447 441 

14. Xu Z, He H, Zhang S, Guo T, Kong J. Characterization of feruloyl esterases produced by the four 442 
Lactobacillus species: L. amylovorus, L. acidophilus, L. farciminis and L. fermentum, isolated from ensiled corn 443 
stover. Front Microbiol 2017;8. doi:10.3389/fmicb.2017.00941 444 

15. Tohno M, Tanizawa Y, Kojima Y, Sakamoto M, Nakamura Y et al. Lactobacillus salitolerans sp. 445 
nov., a novel lactic acid bacterium isolated from spent mushroom substrates. Int J Syst Evol Microbiol 446 
2019;69(4):964-969. doi:10.1099/ijsem.0.003224 447 

16. Tohno M, Tanizawa Y, Kojima Y, Sakamoto M, Ohkuma M, et al. Lentilactobacillus fungorum sp. 448 
nov., isolated from spent mushroom substrates. Int J Syst Evol Microbiol 2021;71(12). 449 
doi:10.1099/ijsem.0.005184 450 

17. Lane DJ. 16S/23S rRNA sequencing. In Stackebrandt E, Goodfellow M. (editors). Nucleic Acid 451 
Techniques in Bacterial Systematics 175 Chichester, UK: John Wiley and Sons 1991:115.  452 

18. Tazawa J, Kobayashi H, Tanizawa Y, Uchino A, Tanaka F et al. Clostridium folliculivorans sp. 453 
nov., isolated from soil samples of an organic paddy in Japan. Int J Syst Evol Microbiol 2023;73(4). 454 
doi:10.1099/ijsem.0.005876 455 

19. Yoon SH, Ha SM, Kwon S, Lim J, Kim Y et al. Introducing EzBioCloud: a taxonomically united 456 
database of 16S rRNA gene sequences and whole-genome assemblies. Int J Syst Evol Microbiol 2017;67(5):1613-457 
1617. doi:10.1099/ijsem.0.001755 458 

20. Kim M, Oh HS, Park SC, Chun J. Towards a taxonomic coherence between average nucleotide 459 
identity and 16S rRNA gene sequence similarity for species demarcation of prokaryotes. Int J Syst Evol Microbiol 460 
2014;64(Pt 2):346-351. doi:10.1099/ijs.0.059774-0 461 

21. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: Improvements in 462 
performance and usability. Mol Bio Evol 2013;30(4):772-780. doi:10.1093/molbev/mst010 463 

22. Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. trimAl: a tool for automated alignment 464 
trimming in large-scale phylogenetic analyses. Bioinformatics 2009;25(15):1972-1973. 465 
doi:10.1093/bioinformatics/btp348 466 

23. Kimura M. A simple method for estimating evolutionary rates of base substitutions through 467 
comparative studies of nucleotide sequences. J Mol Evol 1980;16(2):111-120. doi:10.1007/BF01731581 468 

24. Simonsen M, Mailund T, Pedersen CNS. Rapid Neighbour-Joining. In proceedings of the 8th 469 
Workshop in Algorithms in Bioinformatics (WABI):113-122: Springer Verlag, ;  October 470 
2008.doi:10.1007/978-3-540-87361-7_10 471 



25. Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic 472 
algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol 2015;32(1):268-274. 473 
doi:10.1093/molbev/msu300 474 

26. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. ModelFinder: fast model 475 
selection for accurate phylogenetic estimates. Nat Methods 2017;14(6):587-589. doi:10.1038/nmeth.4285 476 

27. Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics analysis version 11. Mol 477 
Biol Evol 2021;38(7):3022-3027. doi:10.1093/molbev/msab120 478 

28. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and 479 
annotation. Nucleic Acids Research 2021;49(W1):W293-W296. doi:10.1093/nar/gkab301 480 

29. Tohno M, Tanizawa Y, Sawada H, Sakamoto M, Ohkuma M et al. A novel species of lactic acid 481 
bacteria, Ligilactobacillus pabuli sp. nov., isolated from alfalfa silage. Int J Syst Evol Microbiol 2022;72(10). 482 
doi:10.1099/ijsem.0.005587 483 

30. Kobayashi H, Tanizawa Y, Yagura M, Sakamoto M, Ohkuma M et al. Clostridium zeae sp. nov., 484 
isolated from corn silage. Int J Syst Evol Microbiol 2021;71(11). doi:10.1099/ijsem.0.005088 485 

31. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 486 
2018;34(17):i884-i890. doi:10.1093/bioinformatics/bty560 487 

32. Souvorov A, Agarwala R, Lipman DJ. SKESA: strategic k-mer extension for scrupulous assemblies. 488 
Genome Biol 2018;19(1):153. doi:10.1186/s13059-018-1540-z 489 

33. Tanizawa Y, Fujisawa T, Nakamura Y. DFAST: a flexible prokaryotic genome annotation pipeline 490 
for faster genome publication. Bioinformatics 2018;34(6):1037-1039. doi:10.1093/bioinformatics/btx713 491 

34. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: assessing the quality 492 
of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res 2015;25(7):1043-493 
1055. doi:10.1101/gr.186072.114 494 

35. Dereeper A, Summo M, Meyer DF. PanExplorer: a web-based tool for exploratory analysis and 495 
visualization of bacterial pan-genomes. Bioinformatics 2022;38(18):4412-4414. 496 
doi:10.1093/bioinformatics/btac504 497 

36. Perrin A, Rocha EPC. PanACoTA: a modular tool for massive microbial comparative genomics. NAR 498 
Genom Bioinform 2021;3(1):lqaa106. doi:10.1093/nargab/lqaa106 499 

37. Amat S, Holman DB, Timsit E, Gzyl KE, Alexander TW. Draft genome sequences of 14 500 
Lactobacillus, Enterococcus, and Staphylococcus isolates from the nasopharynx of healthy feedlot cattle. 501 
Microbiol Resour Announc 2019;8(34). doi:10.1128/mra.00534-19 502 

38. Konstantinov SR, Poznanski E, Fuentes S, Akkermans AD, Smidt H et al. Lactobacillus sobrius 503 
sp. nov., abundant in the intestine of weaning piglets. Int J Syst Evol Microbiol 2006;56(Pt 1):29-32. 504 
doi:10.1099/ijs.0.63508-0 505 

39. Jakava VM, Murros A, Palva A, Björkroth KJ. Lactobacillus sobrius Konstantinov et al. 2006 is a 506 
later synonym of Lactobacillus amylovorus Nakamura 1981. Int J Syst Evol Microbiol 2008;58(Pt 4):910-913. 507 
doi:10.1099/ijs.0.65432-0 508 

40. Richter M, Rosselló-Móra R, Oliver Glöckner F, Peplies J. JSpeciesWS: a web server for 509 
prokaryotic species circumscription based on pairwise genome comparison. Bioinformatics 2016;32(6):929-931. 510 
doi:10.1093/bioinformatics/btv681 511 

41. Meier-Kolthoff JP, Carbasse JS, Peinado-Olarte RL, Göker M. TYGS and LPSN: a database 512 
tandem for fast and reliable genome-based classification and nomenclature of prokaryotes. Nucleic Acids Res 513 
2022;50(D1):D801-d807. doi:10.1093/nar/gkab902 514 



42. Sutton GG, Brinkac LM, Clarke TH, Fouts DE. Enterobacter hormaechei subsp. hoffmannii subsp. 515 
nov., Enterobacter hormaechei subsp. xiangfangensis comb. nov., Enterobacter roggenkampii sp. nov., and 516 
Enterobacter muelleri is a later heterotypic synonym of Enterobacter asburiae based on computational analysis 517 
of sequenced Enterobacter genomes. F1000Res 2018;7:521. doi:10.12688/f1000research.14566.2 518 

43. Richter M, Rosselló-Móra R. Shifting the genomic gold standard for the prokaryotic species definition. 519 
Proc Natl Acad Sci U S A 2009;106(45):19126-19131. doi:10.1073/pnas.0906412106 520 

44. Tanizawa Y, Fujisawa T, Kaminuma E, Nakamura Y, Arita M. DFAST and DAGA: web-based 521 
integrated genome annotation tools and resources. Biosci Microbiota Food Health 2016;35(4):173-184. 522 
doi:10.12938/bmfh.16-003 523 

45. Meier-Kolthoff JP, Hahnke RL, Petersen J, Scheuner C, Michael V et al. Complete genome 524 
sequence of DSM 30083(T), the type strain (U5/41(T)) of Escherichia coli, and a proposal for delineating 525 
subspecies in microbial taxonomy. Stand Genomic Sci 2014;9:2. doi:10.1186/1944-3277-9-2 526 

46. Moldoveanu SC. Chapter 11 - Pyrolysis of Carbohydrates. In: Moldoveanu SC (editor). Pyrolysis of 527 
Organic Molecules (Second Edition): Elsevier; 2019. pp. 419-482. 528 

47. Badenhuizen N, Bose RJ, Kirkwood S, Lewis BA, Smith F. Isolation of gentiobiose from gentian 529 
root. J Org Chem 1964;29(7):2079-2080. doi:10.1021/jo01030a548 530 

48. Jenness R, Regehr EA, Sloan RE. Comparative biochemical studies of milks— II. Dialyzable 531 
carbohydrates. Comp Biochem Physiol 1964;13(4):339-352. doi:10.1016/0010-406X(64)90028-3 532 

49. Leong-Morgenthaler P, Zwahlen MC, Hottinger H. Lactose metabolism in Lactobacillus 533 
bulgaricus: analysis of the primary structure and expression of the genes involved. J Bacteriol 1991;173(6):1951-534 
1957. doi:doi:10.1128/jb.173.6.1951-1957.1991 535 

50. Thomas DL, Joanna ZA, Tim KJ, Rikke HL, Mette B et al. Culture-independent analysis of gut 536 
bacteria: the pig gastrointestinal tract microbiota revisited. App Environ Microbiol 2002;68(2):673-690. 537 
doi:doi:10.1128/AEM.68.2.673-690.2002 538 

51. Wang W, Hu H, Zijlstra RT, Zheng J, Gänzle MG. Metagenomic reconstructions of gut microbial 539 
metabolism in weanling pigs. Microbiome 2019;7(1):48. doi:10.1186/s40168-019-0662-1 540 

 541 

 542 



 543 
Fig. 1. Phylogenetic tree reconstructed via concatenated alignment of 166 core genes based on whole-544 
genome sequences of various strains of L. amylovorus including the isolates BF125T, BF186, YK3, 545 
YK6, and YK10, and the type strains of the closely related species of the genus Lactobacillus. The 546 
strains DSM 20531T (in the intraspecific group A of L. amylovorus) and BF125T (in group B) are in 547 
boldface. Bootstrap support of 100% is indicated on the nodes with solid circle filled by light blue 548 
(based on 1,000 replications). The tree is rooted using midpoint rooting. Bar, 0.1 substitutions per 549 
nucleotide position. 550 

 551 

552 
Fig. 2.  Pairwise comparison of ANI (above the diagonal) and dDDH (below the diagonal) percentages 553 
among L. amylovorus and its closely related taxa. 554 

 555 

 556 

 557 

 558 



Table 1. Differential phenotypic features and isolation sources of tested strains belonging to L. 559 
amylovorus subsp. amylovorus or L. amylovorus subsp. animalis.  560 

Strains in group A (L. amylovorus subsp. amylovorus): 1, DSM 20531T; 2, YK3; 3, YK6; 4, YK10. 561 
Strains in group B (L. amylovorus subsp. animalis): 5, BF125T; 6, BF186; 7, DSM 16698; and 8, DSM 562 
107288 (= Bifido-178-WT-3C). All tested characteristics were investigated under identical conditions 563 
in the present study. Gray shading, positive; white shading, negative. 564 

 565 

  
Group A 

 
Group B 

1 2 3 4 5 6 7 8 

Isolation source: 
cattle waste-

corn 
fermentation 

spent 
mushroom 
substrates 

spent 
mushroom 
substrates 

spent 
mushroom 
substrates 

 bovine feces bovine feces 
intestine of 

weaning 
piglets 

porcine 
feces 

Acid production from:          

D-Galactose                  

D-Mannose                  

D-Mannitol                  

Methyl-a-D-glucopyranoside                  

Salicin                  

D-Lactose                  

D-Melibiose                  

D-Raffinose                  

Glycogen                  

Gentiobiose                  

D-Turanose                  

Enzyme activity:          

Esterase lipase (C8)                  

Cystine arylamidase                  

a-Galactosidase                  

b-Galactosidase                  
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