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ABSTRACT 14 

Soil samples collected in the Great Smoky Mountains National Park yielded a Listeria isolate 15 

that could not be classified to the species level. Whole-genome sequence-based average 16 

nucleotide identity BLAST and in silico DNA-DNA Hybridization analyses confirmed this isolate to 17 

be a novel Listeria sensu stricto species with the highest similarity to L. marthii (ANI=93.9%, 18 

isDDH=55.9%). Additional whole-genome-based analysis using the Genome Taxonomy 19 

Database Toolkit, an automated program for classifying bacterial genomes, further supported 20 

delineation as a novel Listeria sensu stricto species, as this tool failed to assign a species 21 

identification but identified L. marthii as the closest match. Phenotypic and genotypic 22 

characterization results indicate that this species is nonpathogenic. Specifically, the novel 23 

Listeria species described here is phenotypically (i) non-hemolytic and (ii) negative for 24 

phosphatidylinositol-specific phospholipase C activity; the draft genome lacks all virulence 25 

genes found in the Listeria pathogenicity island 1 (LIPI-1), as well as the internalin genes inlA 26 

and inlB. While the type strain for the new species is phenotypically catalase-negative (an 27 

unusual characteristic for Listeria sensu stricto species), its genome contained an apparently 28 

intact catalase gene (kat); hence assessment of this phenotype with future isolates will be 29 

important. Rapid species identification systems (Listeria API, VITEK 2, VITEK MS) misidentified 30 

this novel species as either L. monocytogenes, L. innocua, or L. marthii. We propose the name L. 31 

swaminathanii, and the type strain is FSL L7-0020T (=ATCC TSD-239T). 32 

  33 
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IMPORTANCE 34 

L. swaminathanii is a novel sensu stricto species that originated from a US National Park, and its 35 

place of origin is ultimately preventing this species from achieving valid status. The US National 36 

Park Service restricts strain accessibility and open access is currently a prerequisite for species 37 

validation. Essentially the only criteria that was not met for L. swaminathanii validation is 38 

accessibility of the type strain, therefore nomenclature status should not negate the 39 

significance of this discovery. As a novel sensu stricto species, L. swaminathanii expands the 40 

group of species whose presence is associated with an increased risk of an L. monocytogenes 41 

contamination, and therefore could play an important role in public health. While developers of 42 

Listeria spp. detection methods historically only included validly publish species in their 43 

validation studies, L. swaminathanii is unequivocally a sensu stricto species and should be 44 

included as well.  45 

Keywords: Listeria sensu stricto, novel species, average nucleotide identity, in silico DNA-DNA 46 

Hybridization, US National Parks, valid publication 47 

 48 
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INTRODUCTION 50 

As of September 2, 2021, there are 26 validly published Listeria species. For 58 years, the 51 

Listeria genus contained only six species (L. monocytogenes, L. innocua, L. ivanovii, L. seeligeri, 52 

L. welshimeri, and L. grayi) that were described between 1926 and 1984 (1-5). Beginning in 53 

2010 with the identification of L. marthii (6) and L. rocourtiae (7), this genus saw a rapid 54 

expansion with a total of 11 species added between 2010 and 2015; in addition to L. marthii 55 

and L. rocourtiae, L. fleischmannii (8, 9), L. weihenstephanensis (10), L. aquatica (11), L. 56 

cornellensis (11), L. floridensis (11), L. grandensis (11), L. riparia (11), L. booriae (12), and L. 57 

newyorkensis (12) were added during this period. The 11 newly classified species considerably 58 

changed the taxonomy of the genus, notably 10 of these species lacked characteristics 59 

historically expected of Listeria [e.g., motility, growth at 4°C (13)]; this expanded diversity led to 60 

a subdivision into two clades, designated sensu stricto and sensu lato, based on relatedness to 61 

L. monocytogenes (14, 15). The sensu lato clade is represented by the species showing a more 62 

distant relation to L. monocytogenes; this clade contains L. grayi as well as 10 of the 11 species 63 

described between 2010 and 2015. From 2018 to 2020, the sensu lato clade continued to 64 

expand with the addition of four novel species [L. costaricensis - 2018 (16), L. goaensis - 2018 65 

(17), L. thailandensis – 2019, (18), and L. valentina – 2020 (19)]. Between 2010 and 2020, only 66 

one species, L. marthii, was added to the sensu stricto clade; this clade contains L. 67 

monocytogenes and those species most similar to L. monocytogenes (L. innocua, L. ivanovii, L. 68 

seeligeri, L. welshimeri, and L. marthii as of 2020). By 2020, there were 15 novel species (n=1 69 

sensu stricto, n=14 sensu lato) added to the genus bringing the total number of validly 70 

published species to 21. 71 
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As part of a project to characterize the prevalence of Listeria in soil throughout the 72 

contiguous United States, (20), we subsequently identified six novel Listeria species (n=4 sensu 73 

stricto, n=2 sensu lato). As of May 2021, only five of these species (L. cossartiae, L. farberi, L. 74 

immobilis, L. portnoyi, L. rustica) met the criteria to obtain valid standing in the nomenclature 75 

(21) according to rules set forth by the International Code of Nomenclature of Prokaryotes 76 

[ICNP; (22)], which is governed by the International Committee on Systematics of Prokaryotes 77 

[ICSP; (23)]. The sixth species, a novel sensu stricto, described here and given the name L. 78 

swaminathanii, could not be validated. L. swaminathanii originated from soil collected in the 79 

Great Smoky Mountains National Park (GSMNP) and is therefore the property of the National 80 

Park Service by law and subject to the US National Park's restrictions on discoveries; these 81 

restrictions do not allow one to meet ICNP’s requirements for strain accessibility. The five other 82 

novel species did not originate from a US National Park and therefore were not subject to US 83 

National Park Service (NPS) restrictions. Briefly, for valid standing, ICNP Rule 30 (22) requires 84 

that a novel species type strain be deposited into two culture collections where they are made 85 

available without restriction. During an October 2021 ICSP executive meeting, the Material 86 

Transfer Agreement (MTA) for US National Park isolates was deemed too restrictive (23)and 87 

therefore violates ICNP rule 30 (4) (22), which states that type strains cannot be restricted. 88 

Hence, valid publication of a novel species solely represented by isolates obtained within a US 89 

National Park is currently not possible. A novel species not achieving valid status because it did 90 

not meet ICNP requirements (e.g., not obtaining two recognized culture collection certificates) 91 

is not uncommon. A 2018 survey of novel species publications (24) found that approximately 92 

150 prokaryotic taxa are identified per year do not have valid standing; this survey calls on 93 
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authors and journal editors to elevate the status of these species, which would require 94 

retroactive adherence to all ICNP rules, and to also limit future addition of non-validly published 95 

species (24). Unfortunately, as of November 2021, there is no pathway to valid publication for 96 

novel species isolated in US National Parks as neither organization, the US National Park 97 

System, nor the ICSP, agreed to change their MTA requirements. At the time of this writing, 98 

researchers from the University of Tennessee studying the biodiversity of Listeria in the GSMNP 99 

also isolated multiple Listeria species (n=5) including two strains that could not be classified to 100 

the species level (25). Together, these two sampling events suggest the GSMNP could be an 101 

invaluable resource for studying Listeria diversity; however, current policies that prevent valid 102 

publication may deter future research. Novel species isolated in India face similar challenges as 103 

the Indian government also imposes restricted access to cultures (26), hence preventing valid 104 

publication. Thus, rules intended to protect the rights of discoveries are, in some cases creating 105 

a barrier for valid publication of novel species, as place of origin and not scientific evidence may 106 

determine if a species obtains official standing in the nomenclature.  107 

RESULTS 108 

A soil sample from the Great Smoky Mountains National Park yielded Listeria isolates 109 

that could not be confirmed to the species level. The novel species described here was isolated 110 

from soil collected in the Great Smoky Mountains National Park in North Carolina, USA 111 

(Latitude 35.4726543, Longitude -83.851303).  A total of 31 Listeria-like colonies were isolated 112 

that together yielded six different sigB allelic types (AT) representing three previously described 113 

species including (i) L. monocytogenes (1 AT), (ii) L. innocua (1 AT), and (iii) L. booriae (3 ATs) 114 

along with one isolate that could not be classified to the species level (1 AT). The putative novel 115 
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species is represented by five colonies that all generated the same, novel sigB AT (AT 166); 116 

these five isolates were designated FSL L7-0020T, FSL L7-0021, FSL L7-022, FSL L7-0023, and FSL 117 

L7-0024. The observation that the sigB AT for these five isolates differed by 8 SNPs from the 118 

most closely related sigB AT (L. marthii AT 42), suggested that these isolates may represent a 119 

novel species.  120 

Whole-genome sequence-based phylogenetic analyses established L. swaminathanii is 121 

a novel Listeria sensu stricto species. To determine whether the five isolates with sigB AT 166 122 

represented a novel species, isolate FSL L7-0020T was designated as the type strain with the 123 

proposed name L. swaminathanii and selected for whole-genome sequencing (WGS) followed 124 

by whole-genome-based species delineation assessment via (i) average nucleotide identity 125 

using BLAST (ANIb) (27), (ii) in silico DNA-DNA Hybridization (isDDH) (28), and (iii) the Genome 126 

Taxonomy Database Toolkit (GTDB-Tk) (29-31). The draft genome for L. swaminathanii FSL L7-127 

0020T represented 13 contigs and had an N50 length of 1,428,095 bp, an average coverage of 128 

127x, a total length of 2.8 Mb, and G+C content of 38.6 mol%. The total length and G+C content 129 

are consistent with the range for current Listeria sensu stricto species genomes (2.8 to 3.2 Mb 130 

and 34.6 to 41.6 mol%, respectively)(13, 14). The parameters of this draft genome all met the 131 

recommended values for taxonomic evaluation set forth by Chun et al. (32).  132 

WGS-based ANIb analysis revealed that L. swaminathanii FSL L7-0020T clustered with 133 

the Listeria sensu stricto clade and showed the highest similarity to L. marthii with an ANI value 134 

of 93.9% (Fig. 1), which is below the 95% cut-off for species delineation (33). Analysis by WGS-135 

based isDDH also yielded a value below the cut-off for species delineation (<70%) (33). 136 

Specifically, L. swaminathanii and the most similar reference genome (L. marthii FSL S4-120T) 137 
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yielded an isDDH value of 55.9% (confidence interval 53.1-58.6%). Additionally, GTDB-Tk failed 138 

to yield a species classification for the L. swaminathanii draft genome but did identify L. marthii 139 

as the most similar genome; the taxonomy of all 34 reference genomes included in the analysis 140 

were correctly identified. The phylogenetic tree inferred from the GTDB-Tk output (Fig. 2) 141 

positioned L. swaminathanii among the Listeria sensu stricto clade where it clusters with L. 142 

marthii and L. cossartiae.  143 

L. swaminathanii yielded colony morphologies typical of nonpathogenic Listeria spp. 144 

Following streaking of an overnight BHI broth culture onto MOX and LMCPM agars, L. 145 

swaminathanii yielded colonies typical of Listeria species (34). When grown on MOX, L. 146 

swaminathanii FSL L7-0020T yielded black colonies indicative of esculin hydrolysis that were 147 

round, had sunken centers, and a black halo; this morphology matches the current description 148 

for “typical” Listeria spp. growth on MOX (34). Phosphatidylinositol-specific phospholipase C 149 

(PI-PLC) activity is a virulence factor presently associated with the pathogenic species L. 150 

monocytogenes and L. ivanovii.  On LMCPM agar, PI-PLC activity is detected by the chromogen 151 

X-inositol phosphate; colonies positive for PI-PLC activity appear blue-green, negative colonies 152 

are white (35). When streaked to LMCPM, L. swaminathanii FSL L7-0020T yielded colony 153 

morphologies consistent with Listeria spp. that are negative for PI-PLC activity. Specifically, L. 154 

swaminathanii yielded small, round, white colonies on LMCPM. Only L. monocytogenes 10403S 155 

generated blue-green colonies indicative of PI-PLC activity. 156 

Except for the catalase negative reaction, L. swaminathanii generated the expected 157 

biochemical results of a nonpathogenic Listeria sensu stricto species. The standard Listeria 158 

reference method characterization tests we performed included (i) catalase, (ii) oxidase, (iii) 159 
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Gram staining, (iv)  hemolysis on blood agar, (v) nitrate and nitrite reduction, and (vi) motility. 160 

Interestingly, the L. swaminathanii type strain FSL L7-0020T was catalase-negative; a 161 

characteristic not previously observed with any sensu stricto species (6, 13, 21, 34), however 162 

several catalase-negative L. monocytogenes strains have been reported(36-39). Other than L. 163 

swaminathanii FSL L7-0020T, the only other catalase-negative species reported to date is the 164 

recently described sensu lato species, L. costaricensis (16). The four additional strains 165 

representing L. swaminathanii (FSL L7-0021, FSL L7-022, FSL L7-0023, and FSL L7-0024) with 166 

identical sigB ATs were also tested and were also catalase-negative. To further assess the 167 

absence of catalase activity, analysis of the draft genome for the kat gene was performed, see 168 

below for results. Other than the catalase reaction, the oxidase and Gram-stain results were 169 

consistent with what is currently expected for Listeria spp. (13). Specifically, the L. 170 

swaminathanii type strain FSL 0020T presented as an oxidase-negative, Gram-positive short rod. 171 

Sheep's Blood Agar (SBA, Becton Dickinson) was used for hemolysis testing. Only L. 172 

monocytogenes lysed the red blood cells in the agar resulting in a clear zone of  hemolysis (a 173 

phenotype associated with Listeria pathogenicity); L. swaminathanii is non-hemolytic. 174 

None of the Listeria species described to date reduce nitrite, while nitrate reduction is 175 

currently only observed with the recently described sensu lato species (14, 16-19, 21). After the 176 

L. swaminathanii FSL L7-0020T nitrate broth enrichment was combined with Sulfanilic acid and 177 

N, N-Dimethyl-a-nathylamine no red color change was observed until the addition of zinc; a red 178 

color change was generated when these reagents were combined with the nitrite broth 179 

enrichment indicating this species does not reduce nitrate or nitrite. The control strains 180 
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performed as expected. Specifically, L. monocytogenes 10403S did not reduce nitrate or nitrite 181 

and L. booriae FSL A5-0281T only reduced nitrate.  182 

Motility was assessed both microscopically and following stab inoculation into Motility 183 

Test Medium (MTM, Becton Dickinson). For the microscopic method, wet mounts were 184 

prepared from BHI agar cultures grown at 25°C and 37°C for 24 h. Motility testing using MTM 185 

was performed by stab-inoculating the medium (purchased pre-made in 10 mL screw-capped 186 

tubes) with an isolated colony selected from BHI agar followed by incubation at 25°C with 187 

observations every 24 h for 7 days. L. swaminathanii FSL L7-0020T, along with the L. 188 

monocytogenes positive control, exhibited motility at 25°C with both motility test methods; a 189 

tumbling movement was observed microscopically, and an umbrella-like growth pattern was 190 

observed following incubation in MTM agar. L. swaminathanii FSL L7-0020T, along with both 191 

control strains, were non-motile at 37°C. To date, L. costaricensis is the only Listeria species 192 

reported to be motile at 37°C (16), and L. immobilis is the only sensu stricto species the lacks 193 

motility at 25°C (21).  194 

The growth range and optimal growth temperature of L. swaminathanii is consistent 195 

with that is currently expect of Listeria spp. The expected growth range for Listeria is currently 196 

listed as 0-45˚C (13), although exceptions have been identified with several recently described 197 

sensu lato species that exhibit a narrower temperature range for growth, including eight sensu 198 

lato species that do not growth at 4˚C (14, 16-19) and four species that do not grow at 41˚C (7, 199 

10, 21). Presently, all species grow optimally at either 30 or 37˚C (14, 16-19, 21). L. 200 

swaminathanii generated growth at all temperatures tested. The least growth (4.34 log10) was 201 

recorded after 10 days of incubation at 4˚C, and optimal growth was achieved at both 30 and 202 
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37˚C (9.28 and 9.30 log10) after 24 h of incubation. L. swaminathanii along with the L. 203 

monocytogenes 10403S control strain both grew anaerobically. Detailed growth data can be 204 

found in Supplementary Table S1.  205 

Listeria API analysis misidentified L. swaminathanii as L. monocytogenes. L. 206 

swaminathanii yielded the numeric code 6110 which the apiweb database (bioMérieux V2.0, 207 

apiweb version 1.4.0) reported a "very good identification to the genus" with an 80% ID to L. 208 

monocytogenes and a T value of 0.62. Possible T values range from 0-1.0; the closer the value is 209 

to 1.0, the closer the biochemical test results are to what is considered “typical” for the species 210 

(40). L. monocytogenes was reported as the most likely species due to a negative result for the 211 

D-arylamidase activity, referred to as the DIM test (Differentiation of innocua and 212 

monocytogenes) (34). The discordant result leading to a T value of 0.62 is attributed to the 213 

negative result for rhamnose fermentation generated by L. swaminathanii FSL L7-0020T. 214 

Differentiation from L. monocytogenes may be achieved via both the lack of hemolysis and a 215 

catalase-negative tests. The same numeric code (6110) has also been reported for L. marthii (6) 216 

and L. cossartiae subsp. cossartiae (21). Phenotypically, L. swaminathanii is most easily 217 

differentiated from L. marthii and L. cossartiae subsp. cossartiae by the lack of catalase activity. 218 

Further differentiating characteristics were determined following the API CH50 analyses 219 

described below. L. monocytogenes 10403S and L. innocua ATCC 33090T were tested to verify 220 

Listeria API kit performance and generated the expected results for typical strains (numeric 221 

codes 6510 and 7510, respectively). 222 

API 20E results further supports a Listeria sensu stricto identification while API CH50 223 

results allow for further differentiation of L. swaminathanii from L. marthii and L. cossartiae. 224 
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L. swaminathanii FSL L7-0020T tested positive for Voges-Proskauer and negative for indole, 225 

urease, and H2S production via the API 20E test, which is consistent with what is currently 226 

expected of Listeria sensu stricto species. Specifically, all currently described sensu stricto 227 

species are Voges-Proskauer negative while all sensu lato species are positive. Other than 228 

catalase activity, the API CH50 test was needed to phenotypically differentiate L. swaminathanii 229 

FSL L7-0020T from L. marthii and L. cossartiae. Specifically, L. swaminathanii FSL L7-0020T is 230 

negative for fermentation of D-turanose and positive for glycerol and starch utilization while L. 231 

marthii ferments D-turanose and does not utilize glycerol. The starch result is not commonly 232 

used to differentiate Listeria and therefore often not reported, however we found L. 233 

swaminathanii FSL L7-0020T’S ability to utilize starch differentiated this isolate from L. 234 

cossartiae (Tables 1 and S1). A summary of the results commonly reported for Listeria are 235 

presented in Table 1; additional API CH50 results are provided in Supplementary Table S2.  236 

VITEK 2 and VITEK MS misidentified the novel Listeria sensu stricto species L. 237 

swaminathanii as well as the other recently reported L. cossartiae, L. farberi, and L. 238 

immobilis. VITEK 2 yielded a good identification for L. swaminathanii FSL L7-0020T with a 91% 239 

probability of being L. innocua. VITEK MS V3.2 identified L. swaminathanii L7-0020T as L. marthii 240 

with a confidence value of 99.9%. Previous publications using VITEK 2 or VITEK MS to 241 

characterize novel species did not yield a species identification; however, all these isolates were 242 

novel sensu lato Listeria species (17, 18). Our data suggest that, unlike novel sensu lato, novel 243 

sensu stricto species could be misidentified given their genetic and phenotypic similarities to 244 

the species currently represented in the respective databases. The VITEK 2 database contains 245 

strains representing six Listeria species (L. monocytogenes, L. innocua, L. ivanovii, L. seeligeri, L. 246 
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welshimeri, L. grayi), and the VITEK MS database contains strains representing seven species, 247 

the same set as VITEK 2 plus L. marthii. To further evaluate what results are expected for a 248 

novel sensu stricto species, we also screened the recently described sensu stricto species L. 249 

farberi FSL L7-0091T, L. immobilis FSL L7-1519T, and L. cossartiae (both subspecies cossartiae FSL 250 

L7-1447T and cayugensis FSL L7-0993T) on both the VITEK 2 and VITEK MS systems. For L. 251 

farberi, VITEK 2 yielded a low discrimination result with the potential to be L. innocua, L. 252 

monocytogenes, or L. welshimeri; the systems software recommended -hemolysis, CAMP, and 253 

xylose fermentation testing to discriminate the species identification further. L. farberi FSL L7-254 

0091T was identified as L. innocua with VITEK MS (confidence value 99.9%). L. immobilis FSL l7-255 

1519T yielded an excellent identification as L. ivanovii with VITEK 2 and was identified as L. 256 

monocytogenes (confidence value 99.7%) with VITEK MS. L. cossartiae subsp. cossartiae FSL L7-257 

1447T yielded the same identification reported for L. swaminathanii L7-0020T (L. innocua with 258 

VITEK 2 and L. marthii with VITEK MS). L. cossartiae subsp. cayugensis FSL L7-0993T gave a low 259 

discrimination result with VITEK 2 and the possibility of being L. innocua or L. grayi due to the 260 

positive result for ribose fermentation seen with this strain; VITEK MS identified this strain as L. 261 

marthii. 262 

Despite absence of catalase activity, the L. swaminathanii draft genome contains a 263 

full-length kat gene. Our initial analyses found that the L. swaminathanii draft genome 264 

contained a sequence that matched the L. monocytogenes partial catalase locus (lmo2785 [kat]) 265 

from the BIGSdb-Lm database with 22 mismatches (over 486 nucleotides). We thus performed 266 

a second query using the entire catalase gene sequence (1467 nucleotides; kat reference 267 

sequence NC_003210.1); the sequence identified by BLASTn was then evaluated using MEGA 268 
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(41) for premature stop codons. The L. swaminathanii draft genome contained a full-length kat 269 

with no premature stop codons. It hence remains unclear why the type strain (as well as the 270 

four closely related isolates obtained from the same sample) are catalase negative; future work 271 

on expression of the kat gene may be able to resolve this apparent conundrum.  272 

The L. swaminathanii draft genome lacked virulence and sanitizer resistance genes, all 273 

flagella genes were detected. The six virulence genes (prfA, plcA, hly, mpl, actA, and plcB) 274 

found on the Listeria Pathogenicity Island 1 (LIPI-1) and the internalin genes inlA and inlB were 275 

all absent from the L. swaminathanii FSL L7-0020T draft genome. All 26 flagellar genes 276 

(Supplementary Table S3) included in the reference database were detected. Genes that were 277 

previously reported to confer reduced sensitivity to quaternary ammonium compounds (qac, 278 

bcrABC, ermE) were not detected.  279 

In silico PCR analysis identified L. swaminathanii FSL as a Listeria species. A complete 280 

prs sequence was detected with no mismatches to either the forward or reverse primers 281 

supporting Listeria species should be detected following PCR analysis. There were no BLAST hits 282 

for any of the L. monocytogenes serovar specific sequences, indicating that L. swaminathanii 283 

would not be misidentified as L. monocytogenes. 284 

Description of Listeria swaminathanii sp. nov. L. swaminathanii (swa.min.ath.an´i.i NL 285 

masc. adj. swaminathanii named in honor of Balasubramanian Swaminathan for his 286 

contributions to the epidemiology of human listeriosis and laboratory diagnostic 287 

methodologies. 288 

L. swaminathanii FSL L7-0020T exhibits growth characteristics typical of nonpathogenic 289 

sensu stricto Listeria spp. except for the catalase reaction, the type strain for this species is 290 
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catalase-negative. Gram-positive short rods. Oxidase negative. Facultative anaerobe. Presumed 291 

to be nonpathogenic based on the absence of hemolysis on SBA, lack of PI-PLC activity on 292 

LMCPM, and the absence of six virulence genes (prfA, plcA, hyl, mpl, actA, and plcB) located on 293 

LIPI-1. Colonies on MOX are round, black, approximately 2-3 mm in diameter with a sunken 294 

center. Colonies on LMCPM were of similar size and shape as colonies on MOX and are opaque-295 

white in color. Classic umbrella-patterned motility in MTM incubated at 25°C. Tumbling motility 296 

is observed microscopically at 25°C. Non-motile at 37°C. Growth occurs between 4-41°C in BHI 297 

broth with optimal growth achieved between 30-37°C. Does not reduce nitrate or nitrite. 298 

Phenotypically this type strain cannot be differentiated from L. marthii or L. cossartiae subsp. 299 

cossartiae using API Listeria (i.e., API numerical profile = 6110) or the biochemical reactions 300 

specified in the FDA BAM or ISO 11290-1:2017 methods. Voges-Proskauer positive. L. 301 

swaminathanii FSL L7-0020T is negative for D-arylamidase activity and positive for -302 

mannosidase activity. Does not ferment D-xylose, L-rhamnose, D-ribose, glucose-1-phosphate, 303 

D-tagatose, L-arabinose, D-galactose, L-sorbose, inositol, D-mannitol, D-melibiose, D-sucrose, 304 

inulin, D-melezitose, D-turanose, or D-lyxose. Positive for fermentation of D-arabitol, methyl-a-305 

D-glucopyranoside, methyl-a-D-mannopyranoside, glycerol, D-glucose, D-maltose, D-lactose, 306 

and starch. L. swaminathanii FSL L7-0020T is differentiated from L. marthii by the utilization of 307 

glycerol and lack of ability to ferment D-turanose. Differentiation from L. cossartiae subsp. 308 

cossartiae is achieved by the ability to utilize starch. 309 

The draft genome total length is 2.8 Mb with a GC content of 38.7%. Type strain, FSL L7-310 

0020T, ATCC TSD-239T was isolated from soil collected in the Great Smoky Mountain National 311 

Park, North Carolina, USA, on November 2, 2017. The GenBank/EMBL/DDBJ accession numbers 312 
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for the 16S rRNA and draft genome sequences for the type strain are MT117895 and 313 

JAATOD000000000, respectively. 314 

DISCUSSION 315 

Three whole-genome sequence-based classification methods identified L. 316 

swaminathanii as a novel Listeria sensu stricto species, however phenotypic-based 317 

differentiation from other species was challenging. L. swaminathanii FSL L7-0020T WGS 318 

classification analyses confirmed placement of this species within the Listeria genus as a novel 319 

sensu stricto species based on meeting widely accepted species delineation thresholds [ANI 320 

<95%, isDDH <70% (33)]. All three WGS-based computational tools (ANIb, isDDH, and GTDB-Tk) 321 

used in this study to assess the L. swaminathanii FSL L7-0020T draft genome showed this 322 

species clusters closest to L. marthii. Phenotypically, L. swaminathanii FSL L7-0020T may be 323 

distinguished from other sensu stricto based on the unique catalase-negative attribute; 324 

however, this attribute could also lead to a situation where L. swaminathanii FSL isolates may 325 

not even be identified as Listeria as a catalase-positive reaction is often used to confirm Listeria 326 

to the genus level (34, 42, 43). Interestingly, several cases of human listeriosis have been 327 

attributed to catalase-negative L. monocytogenes strains (36-39), which supports a need to 328 

reduce the reliance on the catalase test for identification of Listeria spp. Characterization of 329 

additional L. swaminathanii isolates will be important to determine whether the catalase 330 

negative phenotype is a species-specific phenotype or a strain specific phenotype (similar to 331 

what has been reported for L. monocytogenes). Beyond the catalase test, phenotypically 332 

differentiating L. swaminathanii FSL L7-0020T from L. marthii and/or L. cossartiae subsp. 333 

cossartiae was difficult; these three species shared the same biochemical results for the species 334 
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identification tests detailed in the reference methods (-hemolysis, rhamnose, xylose, 335 

mannitol) and generate the same numeric code with API Listeria (6110). The API CH50 glycerol, 336 

and D-turanose tests provided further species-level discrimination between L. swaminathanii 337 

FSL L7-0020T and L. marthii, and the starch test allowed for further differentiation of L. 338 

swaminathanii FSL L7-0020T from L. cossartiae.  339 

L. swaminathanii along with the other recently described Listeria sensu stricto species 340 

may not be detected using rapid detection methods and/or commonly used reference 341 

methods. For many Listeria detection methods (both rapid and cultural), validation studies only 342 

included the “classical” six Listeria spp. (i.e., L. monocytogenes, L. innocua, L. ivanovii, L. 343 

seeligeri, L. welshimeri, and L. grayi), with some studies also validated with L. marthii; it is 344 

hence unknown whether many of these assays detect the novel Listeria species identified since 345 

2010. This lack of information was less of a concern until recently, given that until 2021 most 346 

newly described species (14 out of 15) were classified in the sensu lato clade and the food 347 

industry is more concerned with detecting sensu stricto species as this clade contains L. 348 

monocytogenes and the species most similar to L. monocytogenes. However, with the 349 

identification of L. swaminathanii and the recent publication of L. cossartiae, L. farberi, and L. 350 

immobilis (21), there are now 10 Listeria sensu stricto species, including four that were reported 351 

since 2021, which adds urgency to the need to evaluate existing methods for their ability to 352 

detect all Listeria spp.  353 

Even if a novel sensu stricto species is detected by a rapid method (e.g., PCR) or yields 354 

Listeria-like colonies with cultural methods on the selective and differential agars, there is a 355 

strong potential for either misidentification or a false negative with the subsequent 356 
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confirmatory tests. Currently, catalase and motility tests are utilized to confirm Listeria to the 357 

genus-level as catalase-positive and motility are considered universal traits to all sensu stricto 358 

species (13, 34, 42, 43), however there is now sufficient evidence to warrant revising this claim. 359 

In addition to the potential for a catalase-negative Listeria with L. swaminathanii and some 360 

strains of L. moncytogenes as detailed above, the recently described sensu stricto species, L. 361 

immobilis, is non-motile (21). After the genus-level confirmatory tests, the species-level tests 362 

also showed potential for a false negative or misidentification. Presently, the reference 363 

methods do not list the expected results for the classic biochemical identification test (-364 

hemolysis, rhamnose, xylose, and mannitol) for the recently described sensu stricto species. As 365 

an example, L. swaminathanii FSL L7-0020T is non-hemolytic, and negative for rhamnose, 366 

xylose, and mannitol fermentation, which is a profile not currently associated with any species 367 

in the commonly used reference methods (e.g., FDA BAM, Health Canada, ISO). 368 

Rapid identification methods showed a strong potential to misidentify the recently 369 

described Listeria sensu stricto species. As rapid bacterial identification methods are becoming 370 

increasingly popular in the food industry, our data highlight the importance of updating 371 

reference databases to include at least all the sensu stricto species. Unlike the novel sensu lato, 372 

which historically do not generate acceptable species identifications with the rapid 373 

identification methods, the five recently described novel sensu stricto species (L. cossartiae, L. 374 

farberi, L. immobilis, L. marthii) along with the species reported here (L. swaminathanii) were 375 

all misidentified with the rapid identification methods used in this study. Notably, we saw the 376 

potential for a nonpathogenic novel sensu stricto to be identified as the pathogenic strains L. 377 
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monocytogenes or L. ivanovii; at minimum, this could cause confusion and delays, and worse-378 

case lead to unnecessary product disposals or recalls. 379 

L. swaminathanii should be recognized as a Listeria species despite not being able to 380 

achieve valid status. In conclusion, while L. swaminathanii may not become a validly published 381 

species due to restrictions associated with its isolation from a US National Park, its designation 382 

as a novel sensu stricto species is firmly supported by the results described here. Incorporating 383 

this species, along with other recently described species, in Listeria method inclusivity studies 384 

will be essential to ensure accurate detection and Listeria species identification, and 385 

consequently better data on the true prevalence of these species. Numerous studies (44-47) 386 

have associated the presence of a Listeria sensu stricto species to an increased potential for L. 387 

monocytogenes contamination, hence L. swaminathanii may play a key role in public health as 388 

detection and subsequent eradication may eliminate a food safety hazard.  389 

MATERIALS AND METHODS 390 

Listeria isolation and initial identification. As part of a previously reported study 391 

evaluating the prevalence of Listeria in soil (20), a total of five soil samples were collected from 392 

the Great Smoky Mountains National Park and 25g aliquots of each sample were enriched in 393 

Buffered Listeria Enrichment Broth (BLEB, Becton Dickinson, Frankland Lake, NJ, USA); Listeria 394 

spp. isolation was conducted as described in the US Food and Drug Administration’s 395 

Bacteriological Analytical Manual (FDA BAM) Chapter 10 method (34) with one modification: 396 

Modified Oxford Agar (MOX, Becton Dickinson) was incubated at 30˚C instead of 35˚C. From the 397 

options for selective and differential chromogenic agars detailed in FDA BAM, we used R&F 398 

Listeria monocytogenes Chromogenic plating medium (LMCPM, R&F Laboratories, Downers 399 
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Grove, IL, USA). Following streaking of the five BLEB-enriched soil samples, the MOX and 400 

LMCPM agar plates were incubated for 48 h, Listeria-like colonies were selected from both 401 

plate types and isolated onto Brain Heart Infusion (BHI, Beckton Dickinson) agar. Following 402 

isolation onto BHI, species identification was performed using a previously described protocol 403 

for PCR amplification and sequencing of the partial sigB gene (48). 404 

Whole-genome sequencing. Genomic DNA was prepared and sequenced, using 405 

Illumina's MiSeq platform, as described in our previous publication (21). The raw sequencing 406 

data was assembled, and draft genome quality was assessed using the protocols described by 407 

Kovac et al. (49). Briefly, adapter sequences were trimmed using Trimmomatic 0.39 (50), and 408 

paired-end reads were assembled de novo using SPAdes v3.13.1 (51) with k-mer sizes of 33, 55, 409 

77, 99, 127. Contigs <500 bp were removed, and assembly quality was checked using QUAST 410 

v5.0 (52), followed by screening for contamination using Kraken(53). 411 

Whole-genome-based phylogenic analysis. Whole-genome sequence-based ANIb 412 

analysis was conducted on the L. swaminathanii FSL L7-0020T draft genome and a set of 34 413 

reference genomes consisting of (i) the 30 type strains of all Listeria species and subspecies 414 

described as of May 17, 2021, and (ii) a representative for each of the four L. monocytogenes 415 

lineages (Fig. 1). Pyani (27) was used to calculate pairwise ANI values, and a dendrogram was 416 

constructed using the dendextend R package (54). Further analysis by whole-genome sequence-417 

based isDDH was also performed using the Genome-to-Genome Distance Calculator 2.1, 418 

formula 2 [identities/ high-scoring segment pair (HSP)] (28). A newer WGS-based computational 419 

tool for classifying bacterial genomes, GTDB-Tk [released 2019, (31)], which is a software toolkit 420 

that classifies genomes using the Genome Taxonomy Database (GTDB; released in 2018 and 421 
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updated biannually) (29), was also employed. GTDB infers phylogeny from a set of marker 422 

genes made up of 120 bacterial protein genes (bac120) (29), and GTDB-Tk assigns classification 423 

based on ANI (calculated with FastANI) and Relative Evolutionary Divergence (RED) scores (29). 424 

The same reference genomes used for ANIb were used for the GTDB-Tk analysis of L. 425 

swaminathanii FSL L7-0020T. A phylogenetic tree was inferred from the GTDB-Tk output using 426 

RAxML (55), which utilized the alignment of the bac120 protein marker genes from all genomes 427 

assessed (the 34 reference genomes and the L. swaminathanii draft genome) along with 428 

Brochothrix thermosphacta ATCC 11509T (output group). The tree was visualized using Figtree 429 

(56). 430 

Phenotypic analyses. Phenotypic characterizations of L. swaminathanii FSL L7-0020T 431 

were carried out using BHI agar cultures streaked from a frozen stock culture (stored at -80˚C in 432 

BHI broth supplemented with 15% glycerol), followed by incubation at 30˚C for 24-36 h. The 433 

tests performed include the species classification tests outlined in commonly used reference 434 

methods for Listeria species identification [the FDA BAM Chapter 10 (34)and ISO 11290:2017 435 

(43)] beginning with colony morphology observations on selective and differential agar. 436 

Specifically, colony morphologies were assessed by streaking an overnight BHI broth culture 437 

onto MOX and LMCPM agars, followed by incubation at 35˚C for 48 h. L. monocytogenes 438 

10403S and L. innocua ATCC 33090T, were included as positive and negative controls 439 

respectively. Following morphology assessments, the reference method characterization tests 440 

we performed included (i) catalase, (ii) oxidase, (iii) Gram staining, (iv)  hemolysis on blood 441 

agar, (v) nitrate and nitrite reduction, and (vi) motility. Two biological replicates were 442 

performed for each test. Catalase, oxidase, Gram-staining, and  hemolysis analyses were 443 
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conducted as described in the reference methods (34, 43) using colonies grown on BHI agar as 444 

described above. L. monocytogenes 10403S and L. booriae FSL A5-0281T were included as 445 

negative and positive controls, respectively.  446 

Nitrate and nitrite reduction tests were performed in parallel using a method described 447 

by Buxton et al. (57). Briefly, a heavy inoculum from a freshly prepared BHI agar culture was 448 

inoculated into both Nitrite and Nitrate broths [prepared according to Buxton et al. (57)], 449 

followed by incubation at 35°C. Analyses were performed after 24 h and again after five days of 450 

incubation. Following incubation, aliquots of each culture were separately added to 451 

commercially prepared reagents of Sulfanilic acid and N, N-Dimethyl-a-nathylamine 452 

(commercially named NIT1 and NIT2, respectively, bioMérieux). When combined with NIT1 and 453 

NIT2, a red color change indicates the presence of nitrite in the nitrate enrichment broth 454 

(indicating that nitrate was reduced) or in the nitrite enrichment broth (indicating that nitrite 455 

was not reduced). Powdered zinc (bioMérieux), which reduces nitrate to nitrite, was added to 456 

the nitrate enrichments that did not exhibit a red color change. Following the addition of zinc, a 457 

red color change indicates nitrate was present; no color change indicates nitrate has been 458 

completely reduced to, nitric oxide, nitrous oxide, or molecular nitrogen (i.e., the species 459 

reduced nitrate).  460 

Motility was assessed both microscopically and following stab inoculation into Motility 461 

Test Medium (MTM, Becton Dickinson). For the microscopic method, wet mounts were 462 

prepared from BHI agar cultures grown at 25°C and 37°C for 24 h. Motility testing using MTM 463 

was performed by stab-inoculating the medium (purchased pre-made in 10 mL screw-capped 464 
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tubes) with an isolated colony selected from BHI agar followed by incubation at 25°C with 465 

observations every 24 h for 7 days.  466 

Growth experiments. We assessed growth of L. swaminathanii L7-0020T at 4, 22, 30, 37, 467 

and 41˚C by inoculating BHI broth with 30-300 CFU/mL, followed by incubation at the specified 468 

temperatures without shaking. The inoculum was verified by spread plating onto BHI agar 469 

followed by incubation for 24-36 h at 30˚C. The BHI cultures incubated at 4˚C were enumerated 470 

after 10 and 14 days, BHI cultures incubated at all other temperatures were enumerated after 471 

24 and 48 h of incubation. L. monocytogenes 10403S was included as a positive control. 472 

Enumerations were carried out by serial diluting and spread plating 100 µL in duplicate onto 473 

BHI agar, followed by incubation at 30˚C for 24-36 h. After incubation, colonies on BHI agar 474 

were counted using the automated SphereFlash colony counter (IUL Micro, Barcelona, Spain). 475 

Relative growth for each temperature was calculated as the average of the duplicate counts 476 

minus the starting inoculum. Anaerobic growth was assessed by streaking to BHI agar followed 477 

by incubation at 30˚C for 24h under anaerobic conditions. The growth experiments were 478 

performed in two biological replicates.   479 

API Listeria, CH50, and 20E test kit analyses. The API kit tests were performed per the 480 

manufacturer's instruction. Specifically, the API Listeria strips were prepared and incubated at 481 

35˚C for 18-24h. For API CH50, L. swaminathanii L7-0020T was suspended in CHB/E medium, 482 

and the strips were inoculated per the manufacture's instruction, followed by aerobic 483 

incubation at 30°C and assessment of results at both 24 and 48 h (reactions that were positive 484 

at either time point were considered positive). The API 20E was utilized because it includes 485 

tests classically used to characterize Listeria spp. to the genus level, including (i) Voges-486 
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Proskauer, (ii) indole, (iii) urease, and (iv) H2S production. For API 20E, L. swaminathanii was 487 

suspended in NaCl 0.5% Medium (bioMérieux), and the strip was inoculated per the 488 

manufacturer's instruction, followed by incubation at 35°C for 24 h. API testing was performed 489 

in two biological replicates.  490 

VITEK 2 and VITEK MS analyses. L. swaminathanii FSL L7-0020T along with the type 491 

strains for the recently reported novel sensu stricto species L. cossartiae (susp. cossartiae FSL 492 

L7-1447T and subsp. cayugensis FSL L7-0993T), L. farberi FSL L7-0091T, and L. immobilis FSL L7-493 

1519T were prepared and processed on the VITEK 2 (bioMérieux) V7.01 and VITEK MS 494 

(bioMérieux) V3.2 automated identification systems per the manufacturer’s instructions. After 495 

inoculating the GP (Gram-Positive) reagent card, the VITEK-2 system automatically assesses 64 496 

biochemical reactions that are compared to a database to generate an identification (58). VITEK 497 

MS is a Matrix-Assisted Laser Desorption Ionization Time-Of-Flight (MALDI-TOF) mass 498 

spectrometry method that automatically compares an isolates spectrum to a database (59). For 499 

VITEK 2, unknown biochemical patterns are reported as outside the scope of the database. For 500 

VITEK MS, the resulting spectra are assigned a percent probability ranging from 60 to 99.9%. 501 

Values <%60 are assigned to spectra too different from any in the database, such that no 502 

possible identification is provided.  503 

Listeria catalase, virulence, flagellar, and sanitizer resistance gene analyses. The 504 

nucleotide sequences for catalase, virulence, flagella, and sanitizer resistance genes for  BLASTn 505 

reference databases were downloaded from the open-access Institut Pasteur database, BIGSdb-506 

Lm, as described by Moura et al. (60) and Ragon et al. (61). Specifically, from BIGSdb-Lm, we 507 

obtained a partial catalase sequence from the MLST scheme, the flagellar sequences from the 508 
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cgMLST1748 scheme, the virulence gene sequences from the Virulence scheme, and the 509 

sanitizer resistance sequences from the Metal and Disinfectant Resistance scheme.  510 

In silico PCR for Listeria monocytogenes serovars. In silico PCR (isPCR) using the primers 511 

described by Doumith et al. (62) for differentiation of L. monocytogenes serovars was also 512 

performed. We first performed a BLASTn query of the L. swaminathanii draft genome against 513 

the L. monocytogenes serovar specific genes (lmo0737, lmo118, ORF2819, ORF2110) and a gene 514 

common to all described species (prs). The reference sequences were obtained from the 515 

BIGSdb-Lm database described above from the PCR Serogroup scheme. The sequences 516 

obtained from the query were subsequently tested against the primer sequences for an isPCR 517 

analysis. 518 

519 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 26 

References 520 

1. Murray EGD, Webb RA, Swann MBR. A disease of rabbits characterised by a large 521 

mononuclear leucocytosis, caused by a hitherto undescribed bacillus Bacterium monocytogenes 522 

(n. sp.). J Patho Bacteriol. 1926;29(4):407-39. 523 

2. Rocourt J, Boerlin P, Grimont F, Jacquet C, Piffaretti J-C. Assignment of Listeria grayi and 524 

Listeria murrayi to a single species, Listeria grayi, with a revised description of Listeria grayi. Int 525 

J Syst Evol Microbiol. 1992;42(1):171-4. 526 

3. Seeliger H. Nonpathogenic listeriae: L. innocua sp. n. (Seeliger et Schoofs, 1977) (authors 527 

transl). Zentralbl Bakteriol Mikrobiol Hyg A. 1981;249(4):487-93. 528 

4. Seeliger HP, Rocourt J, Schrettenbrunner A, Grimont P, Jones, D. Listeria ivanovii sp. nov. 529 

Int J Syst Evol Microbiol. 1984;34(3):336-7. 530 

5. Rocourt J, Grimont P. Listeria welshimeri sp. nov. and Listeria seeligeri sp. nov. Int J Syst 531 

Evol Microbiol. 1983;33(4):866-9. 532 

6. Graves LM, Helsel LO, Steigerwalt AG, Morey RE, Daneshvar MI, Roof SE, et al. Listeria 533 

marthii sp. nov., isolated from the natural environment, Finger Lakes National Forest. Int J Syst 534 

Evol Microbiol. 2010;60(Pt 6):1280-8. 535 

7. Leclercq A, Clermont D, Bizet C, Grimont PA, Le Fleche-Mateos A, Roche SM, et al. 536 

Listeria rocourtiae sp. nov. Int J Syst Evol Microbiol. 2010;60(Pt 9):2210-4. 537 

8. Bertsch D, Rau J, Eugster MR, Haug MC, Lawson PA, Lacroix C, et al. Listeria 538 

fleischmannii sp. nov., isolated from cheese. Int J Syst Evol Microbiol 2013;63(2):526-32. 539 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 27 

9. den Bakker HC, Manuel CS, Fortes ED, Wiedmann M, Nightingale KK. Genome 540 

sequencing identifies Listeria fleischmannii subsp. coloradonensis subsp. nov., isolated from a 541 

ranch. Int J Syst Evol Microbiol. 2013;63(9):3257-68. 542 

10. Lang Halter E, Neuhaus K, Scherer S. Listeria weihenstephanensis sp. nov., isolated from 543 

the water plant Lemna trisulca taken from a freshwater pond. Int J Syst Evol Microbiol. 544 

2013;63(Pt 2):641-7. 545 

11. den Bakker HC, Warchocki S, Wright EM, Allred AF, Ahlstrom C, Manuel CS, et al. Listeria 546 

floridensis sp. nov., Listeria aquatica sp. nov., Listeria cornellensis sp. nov., Listeria riparia sp. 547 

nov. and Listeria grandensis sp. nov., from agricultural and natural environments. Int J Syst Evol 548 

Microbiol. 2014;64(6):1882-9. 549 

12. Weller D, Andrus A, Wiedmann M, den Bakker HC. Listeria booriae sp. nov. and Listeria 550 

newyorkensis sp. nov., from food processing environments in the USA. Int J Syst Evol Microbiol. 551 

2015;65(Pt 1):286-92. 552 

13. Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, et al. Bergey's manual of 553 

systematic bacteriology: Volume 3: The Firmicutes: Springer Science & Business Media; 2011. 554 

14. Orsi RH, Wiedmann M. Characteristics and distribution of Listeria spp., including Listeria 555 

species newly described since 2009. ApplMicrobiol Biotechnol. 2016;100(12):5273-87. 556 

15. Chiara M, Caruso M, D’Erchia AM, Manzari C, Fraccalvieri R, Goffredo E, et al. 557 

Comparative genomics of Listeria sensu lato: genus-wide differences in evolutionary dynamics 558 

and the progressive gain of complex, potentially pathogenicity-related traits through lateral 559 

gene transfer. Genome Biol Evol. 2015;7(8):2154-72. 560 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 28 

16. Núñez-Montero K, Leclercq A, Moura A, Vales G, Peraza J, Pizarro-Cerdá J, et al. Listeria 561 

costaricensis sp. nov. Int J Syst Evol Microbiol. 2018;68(3):844-50. 562 

17. Doijad SP, Poharkar KV, Kale SB, Kerkar S, Kalorey DR, Kurkure NV, et al. Listeria goaensis 563 

sp. nov. Int J Syst Evol Microbiol. 2018;68(10):3285-91. 564 

18. Leclercq A, Moura A, Vales G, Tessaud-Rita N, Aguilhon C, Lecuit M. Listeria 565 

thailandensis sp. nov. Int J Syst Evol Microbiol. 2019;69(1):74-81. 566 

19. Quereda JJ, Leclercq A, Moura A, Vales G, Gómez-Martín Á, García-Muñoz Á, et al. 567 

Listeria valentina sp. nov., isolated from a water trough and the faeces of healthy sheep. Int J 568 

Syst Evol Microbiol. 2020;70(11):5868-79. 569 

20. Liao J, Guo X, Weller DL, Pollak S, Buckley DH, Wiedmann M, et al. Nationwide genomic 570 

atlas of soil-dwelling Listeria reveals effects of selection and population ecology on pangenome 571 

evolution. Nat Microbiol. 2021;6(8):1021-30. 572 

21. Carlin CR, Liao J, Weller D, Guo X, Orsi R, Wiedmann M. Listeria cossartiae sp. nov., 573 

Listeria immobilis sp. nov., Listeria portnoyi sp. nov. and Listeria rustica sp. nov., isolated from 574 

agricultural water and natural environments. Int J Syst Evol Microbiol. 2021;71(5). 575 

22. Garrity GM, Parker CT, Tindall BJ. International code of nomenclature of prokaryotes. 576 

International Journal of Systematic and Evolutionary Microbiology. 2015;90(6). 577 

23. International Committee on Systematics of Prokaryotes (ICSP). ICSP Executive Board 578 

Meeting 29th October 2020, Minute 8. IJSEM Matters 2020 [Available from: https://www.the-579 

icsp.org/bacterial-code. 580 

24. Oren A, Garrity GM, Parte AC. Why are so many effectively published names of 581 

prokaryotic taxa never validated? Int J Syst Evol Microbiol. 2018;68(7):2125-9. 582 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 29 

25. Claxton ML, Hudson LK, Bryan DW, Denes TG. Listeria spp. isolated from soil samples 583 

collected in the Great Smoky Mountains. bioRxiv, The Preprint Server for Biology. 584 

2021:2021.11.19.469259. 585 

26. Pawar P. Strict biodiversity laws prevent Indian scientists from sharing new microbes 586 

with the world: Science; 2020 [Available from: https://www.science.org/content/article/strict-587 

biodiversity-laws-prevent-indian-scientists-sharing-new-microbes-world. 588 

27. Pritchard L, Glover RH, Humphris S, Elphinstone JG, Toth IK. Genomics and taxonomy in 589 

diagnostics for food security: soft-rotting enterobacterial plant pathogens. Anal Methods. 590 

2016;8(1):12-24. 591 

28. Meier-Kolthoff JP, Auch AF, Klenk H-P, Göker M. Genome sequence-based species 592 

delimitation with confidence intervals and improved distance functions. BMC Bioinformatics. 593 

2013;14(1):1-14. 594 

29. Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil PA, et al. A 595 

standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of 596 

life. Nat Biotechnol. 2018;36(10):996-1004. 597 

30. Parks DH, Chuvochina M, Chaumeil P-A, Rinke C, Mussig AJ, Hugenholtz P. A complete 598 

domain-to-species taxonomy for Bacteria and Archaea. Nat Biotechnol. 2020:1-8. 599 

31. Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to classify genomes 600 

with the Genome Taxonomy Database. Bioinformatics. 2019. 601 

32. Chun J, Oren A, Ventosa A, Christensen H, Arahal DR, da Costa MS, et al. Proposed 602 

minimal standards for the use of genome data for the taxonomy of prokaryotes. Int J Syst Evol 603 

Microbiol. 2018;68(1):461-6. 604 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 30 

33. Tindall BJ, Rosselló-Móra R, Busse H-J, Ludwig W, Kämpfer P. Notes on the 605 

characterization of prokaryote strains for taxonomic purposes. Int J Syst Evol Microbiol. 606 

2010;60(1):249-66. 607 

34. U.S. Food and Drug Administration. Bacteriological Analytical Manual. Chapter 10, 608 

Detection of Listeria monocytogenes in Foods and Environmental Samples, and Enumeration of 609 

Listeria monocytogenes in Foods Available at: https://www.fda.gov/food/laboratory-methods-610 

food/bam-chapter-10-detection-listeria-monocytogenes-foods-and-environmental-samples-611 

and-enumeration Accessed: 25 March 2020. 612 

35. R & F Products. R & F Listeria monocytogenes Chromogenic Detection System 2003 613 

[Available from: https://www.rf-products.net/listeria-monocytogenes-chromogenic. 614 

36. Swartz MA, Welch DF, Narayanan RP, Greenfield RA. Catalase-Negative Listeria 615 

monocytogenes Causing Meningitis in an Adult Clinical and Laboratory Features. Am J Clin 616 

Pathol. 1991;96(1):130-3. 617 

37. Elsner H-A, Sobottka I, Bubert A, Albrecht H, Laufs R, Mack D. Catalase-negative Listeria 618 

monocytogenes causing lethal sepsis and meningitis in an adult hematologic patient. Eur J Clin 619 

Microbiol Infect Dis. 1996;15(12):965-7. 620 

38. Bubert A, Riebe J, Schnitzler N, Schönberg A, Goebel W, Schubert P. Isolation of 621 

catalase-negative Listeria monocytogenes strains from listeriosis patients and their rapid 622 

identification by anti-p60 antibodies and/or PCR. J Clin Microbiol. 1997;35(1):179-83. 623 

39. Cepeda J, Millar M, Sheridan E, Warwick S, Raftery M, Bean D, et al. Listeriosis due to 624 

infection with a catalase-negative strain of Listeria monocytogenes. J Clin Microbiol. 625 

2006;44(5):1917-8. 626 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 31 

40. O'Hara CM, Miller JM. Evaluation of the ID 32E for the identification of Gram‐negative 627 

glucose‐fermenting and glucose‐non‐fermenting bacilli. Clin Microbiol Infect. 1999;5(5):277-81. 628 

41. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evolutionary genetics 629 

analysis across computing platforms. Mol Biol Evol. 2018;35(6):1547-9. 630 

42. Pagotto F, Daley E, Farber J, Warburton D. Isolation of Listeria monocytogenes from all 631 

food and environmental samples. Canada Health Products Food Branch Compendium of 632 

analytical methods: laboratory procedures of microbiological analytical of foods,[MFHPB 30] 633 

Ottawa. 2001. 634 

43. International Organization for Standardization. Microbiology of food and animal feeding 635 

stuffs—Horizontal method for the detection and enumeration of Listeria monocytogenes and 636 

Listeria spp. ISO 11290-1:2017. International Organization for Standardization. Geneva 2017. 637 

44. Chapin TK, Nightingale KK, Worobo RW, Wiedmann M, Strawn LK. Geographical and 638 

meteorological factors associated with isolation of Listeria species in New York State produce 639 

production and natural environments. J Food Prot. 2014;77(11):1919-28. 640 

45. Alali WQ, Schaffner DW. Relationship between Listeria monocytogenes and Listeria spp. 641 

in seafood processing plants. J Food Prot. 2013;76(7):1279-82. 642 

46. Tortorello ML. Indicator organisms for safety and quality—uses and methods for 643 

detection: minireview. J AOAC Int. 2003;86(6):1208-17. 644 

47. Wilson I. Occurrence of Listeria species in ready to eat foods. Epidemiol Infect. 645 

1995;115(3):519-26. 646 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 32 

48. Nightingale K, Bovell L, Grajczyk A, Wiedmann M. Combined sigB allelic typing and 647 

multiplex PCR provide improved discriminatory power and reliability for Listeria monocytogenes 648 

molecular serotyping. J Microbiol Methods. 2007;68(1):52-9. 649 

49. Kovac J, Cummings KJ, Rodriguez-Rivera LD, Carroll LM, Thachil A, Wiedmann M. 650 

Temporal Genomic Phylogeny Reconstruction Indicates a Geospatial Transmission Path of 651 

Salmonella Cerro in the United States and a Clade-Specific Loss of Hydrogen Sulfide Production. 652 

Front Microbiol. 2017;8:737. 653 

50. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence 654 

data. Bioinformatics. 2014;30(15):2114-20. 655 

51. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a 656 

new genome assembly algorithm and its applications to single-cell sequencing. J Comput Biol. 657 

2012;19(5):455-77. 658 

52. Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A. Versatile genome assembly 659 

evaluation with QUAST-LG. Bioinformatics. 2018;34(13):i142-i50. 660 

53. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence classification using 661 

exact alignments. Genome Biol  2014;15(3):R46. 662 

54. Galili T. dendextend: an R package for visualizing, adjusting and comparing trees of 663 

hierarchical clustering. Bioinformatics. 2015;31(22):3718-20. 664 

55. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of 665 

large phylogenies. Bioinformatics. 2014;30(9):1312-3. 666 

56. Rambaut A, Drummond A. FigTree v1. 4.3; 2016. 2019. 667 

57. Buxton R. Nitrate and nitrite reduction test protocols. 2011. 668 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2021. ; https://doi.org/10.1101/2021.12.21.473762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473762
http://creativecommons.org/licenses/by-nd/4.0/


 33 

58. bioMeriéux. User Manual - 514740-2EN1 - VITEK 2 Systems Product Information 2015. 669 

59. bioMeriéux. User Manual Supplements - 161150-923 - A1 - en - VITEK MS Industry Use - 670 

V3.2 Knowledge Base 2020. 671 

60. Moura A, Criscuolo A, Pouseele H, Maury MM, Leclercq A, Tarr C, et al. Whole genome-672 

based population biology and epidemiological surveillance of Listeria monocytogenes. Nat 673 

Microbiol. 2016;2:16185. 674 

61. Ragon M, Wirth T, Hollandt F, Lavenir R, Lecuit M, Le Monnier A, et al. A new 675 

perspective on Listeria monocytogenes evolution. PLoS Pathogens. 2008;4(9). 676 

62. Doumith M, Buchrieser C, Glaser P, Jacquet C, Martin P. Differentiation of the major 677 

Listeria monocytogenes serovars by multiplex PCR. J Clin Microbiol. 2004;42(8):3819-22. 678 

63. Abascal F, Zardoya R, Posada D. ProtTest: selection of best-fit models of protein 679 

evolution. Bioinformatics. 2005;21(9):2104-5. 680 

Figure Legends 681 

Fig. 1. UPGMA dendrogram based on Average Nucleotide Identity BLAST (ANIb) analysis of 34 682 

reference genomes (consisting of the 30 Listeria species and subspecies type strains described 683 

as of June 11, 2021, and one genome representing each of the four L. monocytogenes lineages) 684 

and the L. swaminathanii FSL L7-0020T draft genome. The vertical red dotted line is placed at 685 

95%, representing the species cut-off. The horizontal scale bar indicates ANI percentage 686 

similarity. 687 

Fig. 2. Maximum Likelihood (ML) phylogenetic tree based on the GTDB-Tk analysis of 120 688 

concatenated protein amino acid sequences of the same 34 reference genomes used for ANIb 689 
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analysis and the L. swaminathanii draft genome. The phylogeny was inferred using RAxML 690 

v8.2.12 (55), and the best fit model for protein evolution, PROTGAMMAILGF, was determined 691 

using ProtTest 3.4.2 (63). The values mapped the nodes represent bootstrap values based on 692 

1,000 replicates; values <70% are not shown. The tree is rooted at the midpoint and includes 693 

the outgroup Brochothrix thermosphacta ATCC 11509T. 694 

 695 
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Table 1. Summary of the phenotypic characteristics of L. swaminathanii compared to previously reported characteristics of other species  1 

+ positive; (+) weak positive; V variable between replicates and/or strains; V! variable between studies; V† L. cossartiae subsp. cossartiae does not ferment ribose and subsp. cayugensis strains are 2 

variable for ribose fermentation;V* characteristic that differentiates subspecies; L. ivanovii subsp. ivanovii ferments ribose while subsp. londoniensis does not ferment ribose; L. grayi subsp. grayi 3 

does not reduce nitrate and ferments methyl-𝛼-D-glucopyranoside, while subsp. murrayi reduces nitrate and does not ferment methy-𝛼-D-glucopyranoside; L. fleischmannii subsp. fleischmannii 4 

ferments turanose, while subsp. coloradonensis does not ferment turanose; () alpha hemolysis observed; PI-PLC phosphoinositide phospholipase C.  5 

Taxa: Lsw, L. swaminathanii (this study),  Lmo, L. monocytogenes (1), Lma, L. marthii (6), Lin, L. innocua (3) , Lws, L. welshimeri (5), Liv, L. ivanovii (4), Lse, L. seeligeri (5,), Lcs, L. cossartiae (21), Lfr, L. 6 

farberi (21) , Lim, L. immobilis (21), Lgy, L. grayi (2), Lfc, L. fleischmannii (8, 9), Lgo, L. goaensis (17), Lfl , L. floridensis (11), Lth, L. thailandensis (18), Lva, L. valentina (19) , Lco, L. costaricensis (16), 7 

 

sensu 

stricto 

nov. 

 Species described as of May 17, 2021 

 
sensu stricto  sensu lato 

Lsw 
 

Lmo Lma Lin Lws Liv Lse Lcs Lfr Lim  Lgy Lfc Lgo Lfl Lth Lva Lco Laq Lny Lcn Lro Lwp Lgd Lri Lbo Lpo Lru 

Voges-Proskauer +  + + + + + + + + +  + - - - + - + V - - - - - - - - - 

Nitrate Reduction -  - - - - - - - - -  V* + - - + - + + + + + + + + + + + 

Motility +  + + + + + + + + -  + - - - - - + - - - - - - - - - - 

Hemolysis -  + - - - + + - - -  - - +( - - - - - - - - - - - - - - 

PI-PLC -  + - - - + - - - -  - - - - - - - - - - - - - - - - - 

D-Arylamidase -  - - + V V + - + +  + - - - - - - - - - - - - - - - - ⍺-Mannosidase +  + + + + - - + + -  V - - - - - - + - - + - - + + - - 

D-Arabitol +  + + + + + + + + +  + + + - + + + - - - - + V - + (+) (+) 

D-Xylose -  - - - + + + - - +  - + + + + + + + + + + + + + + + + 

L-Rhamnose -  + - V V - - - + -  - + + + + + + + V - + + - + + + + 

Methyl-⍺-D-

Glucopyranoside 
+  + + + + + + + + +  V* + + + + - + - + + + + + + + + + 

Methyl-⍺-D-Mannopyranoside +  + + + + - - + + -  + - - - - - + + - - + - - + + - - 

D-Ribose -  - - - - V* - V† - +  + + - - + + + + + + + - + V V - - 

Glucose-1-Phosphate -  - - - - V - - - -  - - - - - - - - - - - - - - - - - 

D-Tagatose -  - - - + - - - - -  - - - - + V + + - - - - - - - - - 

Glycerol +  V - + + + + + - V  V + (+) - (+) + + V + V + + - V + - - 

L-Arabinose -  - - - - - - - - -  - - - + - + - + + V - - - + + - + 

D-Galactose -  V - - - V - - - -  + + - + - - + - + - + - - + + + + 

D-Glucose +  V! V! V! + V! + + + +  + + + + + + + + + + + + + + + + + 

L-Sorbose -  V! V! V! - V! - - - -  V! V! - - - - - - - - - - - - - - - 

Inositol -  - - - - - - - - -  - V - - + + - V - - - - - V - - - 

D-Mannitol -  - - - - - - - - -  + V - - - - - - + - + + - V + + + 

D-Maltose +  + + + + + + + + V  + + + + - - + - + + + + + + + - + 

D-Lactose +  + + + + + + + + V  + + + + - - + - + (+) + V! - + + (+) + 

D-Melibiose -  V! V! V - - - - - -  - V - - - - - - - - + - - V + - - 

D-Sucrose -  + - + + + + - - V  - V - - - - + - - - - - - - - - - 

Inulin -  V! - V! - - - - - -  - - - - - - - - - - - - - - - - - 

D-Melezitose -  V - V V V V - - V  - V - - - - - - - - - - - - - - - 

D-Turanose -  - + V - - - - - -  - V* - - - - - - - - - - - - - - - 

D-Lyxose -  V - V V - - - - -  V - - + - + - V - - - - - - - - - 
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Laq, L. aquatica (11), Lny, L. newyorkensis (12), Lcn, L. cornellensis (11), Lro, L. rocourtiae (7), Lwp, L. weihenstephanensis (10) , Lgd, L. grandensis (11), Lri, L. riparia (11), Lbo, L. booriae (12), Lpo, L. 8 

portnoyi (21), Lru, L. rustica (21)   9 
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L. monocytogenes_SLCC2479 (lineage II)
L. monocytogenes_NCTC10357T

L. monocytogenes_ATCC19117(lineage I)
L. monocytogenes_SLCC2376 (lineage III)
L. monocytogenes_FSL_J1−0208 (lineage IV)
L. cossartiae subsp. cayugensis_FSL_L7-0993T 

L. cossartiae subsp. cossartiae_FSL_L7-1447T

L. marthii_FSL_S4−0120T

L. swaminathanii_FSL_L7−0020T

L. innocua_ATCC33090T

L. farberi_FSL_L7−0091T

L. welshimeri_SLCC5334T

L. ivanovii subsp. ivanovii_ATCC49954T

L. ivanovii subsp. londoniensis_PAM55T

L. seeligeri_SLCC3954T

L. immobilis_FSL_L7-1519T

L. valentina_CLIP201900642T

L. thailandensis_CLIP201500305T

L. aquatica_FSL_S10−1188T

L. floridensis_FSL_S10−1187T

L. fleischmannii subsp. coloradonensis_TTUM1−001T

L. fleischmannii subsp. fleischmannii_LU2006−1T

L. goaensis_ILCC801T

L. costaricensis_CLIP201600682T

L. newyorkensis_FSL_M6−0635T

L. cornellensis_FSL_F6−0969T

L. rustica_FSL_W9−0585T

L. portnoyi_FSL_L7_1582T

L. weihenstephanensis_FSL_R9−0317T

L. rocourtiae_FSL_F6−0920T

L. grandensis_FSL_F6−0971T

L. riparia_FSL_S10−1204T

L. booriae_FSL_A5−0281t

L. grayi subsp. murrayi_FSL_F6−1183T

L. grayi subsp. grayi_DSM−20601T

75 80 85 90 95 100

Sensu stricto

Sensu lato

Fig. 1. UPGMA dendrogram based on Average Nucleotide 
Identity BLAST (ANIb) analysis of 34 reference genomes 
(consisting of the 30 Listeria species and subspecies type 
strains described as of June 11, 2021, and one genome 
representing each of the four L. monocytogenes lineages) 
and the L. swaminathanii FSL L7-0020T draft genome. The 
vertical red dotted line is placed at 95%, representing the 
species cut-off. The horizontal scale bar indicates ANI 
percentage similarity.
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Fig. 2. Maximum Likelihood (ML) phylogenetic tree based on 
the GTDB-Tk analysis of 120 concatenated protein amino 
acid sequences of the same 34 reference genomes used for 
ANIb analysis and the L. swaminathanii draft genome. The 
phylogeny was inferred using RAxML v8.2.12 (42), and the 
best fit model for protein evolution, PROTGAMMAILGF, was 
determined using ProtTest 3.4.2 (63). The values mapped the 
nodes represent bootstrap values based on 1,000 replicates; 
values <70% are not shown. The tree is rooted at the 
midpoint and includes the outgroup Brochothrix 
thermosphacta ATCC 11509T.
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