
S
f
s
o

G
C
a

2
b

C

a

A
R
R
A

K
S
E
G
M

I

c
i
h
t

h

d
s
S

h
0

Systematic and Applied Microbiology 43 (2020) 126055

Contents lists available at ScienceDirect

Systematic  and  Applied  Microbiology

jou rn al hom ep age: ht tp : / /www.e lsev ier .com/ locate /syapm

erratia  nevei  sp.  nov.  and  Serratia  bockelmannii  sp.  nov.,  isolated  from
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a  b  s  t  r  a  c  t

Fifteen  enterobacterial  strains  were  isolated  from  fresh  produce.  The  16S  rRNA  gene  sequences  indicated
that  these  belong  to Serratia,  with  twelve  strains  showing  99.57%–99.93%  and  three  strains  showing
99.86–100%  16S rRNA  gene  sequence  similarity  with  Serratia  marcescens  and  Serratia  nematodiphila  as
nearest  neighbors,  respectively.  Further  comparative  multi  locus  sequence  analyses,  as well as  phyloge-
nomic  comparisons,  revealed  that  6 of  the 15  strains  were  well-separated  from  their  nearest  neighbors
and  formed  two  clearly  distinct  taxa.  Strains  S2,  S9,  S10  and  S15T were urease-positive,  while  strains  S3T

and  S13  were  urease-negative.  Average  nucleotide  identity  and  digital  DNA–DNA  hybridization  compar-
isons  of representative  strains  S3T and  S15T with type  strains  of  S. marcescens,  S. nematodiphila  and  S.
ureilytica  indicated  that  these  shared  less  than 96%  and 70%  homology,  respectively.  Major  fatty  acids  of
strains  S3T and  S15T included  C16:0,  C16:1  �7c/C16:1  �6c, C17:0  Cyclo  and  C18:1  �6c  /C18:1  �7c. The
mol% G +  C  of  genomic  DNA  of  strain  S15T was  59.49%  and  of  strain  S3T was  59.04.  These  results  support

T
the  description  of  two novel  species,  Serratia  nevei  and  Serratia  bockelmannii,  with  strains  S15 (=LMG
31536T =DSM  110085T) and S3T (=LMG  31535T =DSM  110152T) as type  strains,  respectively.  Although
Serratia  marcescens  subsp.  sakuensis  was  previously  described  to form  spores,  spores  could  not be deter-
mined  in  this  study.  As spore  formation  was  the  only  differential  characteristic  of  this  subspecies,  S.

sis  is 
marcescens  subsp.  sakuen

ntroduction

Members of the family Enterobacteriaceae are Gram-negative,
atalase-positive and oxidase-negative rods [8], and can be found

n diverse environments such as soil, water, plants, animals and
umans. Many enterobacteria are phenotypically similar and iden-
ification and classification of various strains depends on the use

Abbreviation: ANI, average nucleotide identity; dDDH, digital DNA-DNA
ybridization; MLSA, multi-locus sequence analyses.
� The draft whole genome sequences of Serratia strains for this study have been
eposited into DDBJ/EMBL/GenBank under accession number VKLT00000000 for
train S11 and VOUP00000000 to VOUX00000000 for the strains S16, S14, S12, S9,
8,  S6, S5 and S3.
∗ Corresponding author.

E-mail address: Charles.Franz@mri.bund.de (C.M.A.P. Franz).

ttps://doi.org/10.1016/j.syapm.2020.126055
723-2020/© 2020 Elsevier GmbH. All rights reserved.
a  later  heterotypic  synonym  of Serratia  marcescens.
©  2020  Elsevier  GmbH.  All  rights  reserved.

of genotypic methods e.g. DNA–DNA hybridization, phylogenetic
analyses of housekeeping genes such as 16S rRNA, elongation factor
Tu, F-ATPase �-subunit and dnaJ genes [7,8,22,24], or multi-locus
sequence analyses (MLSA) [5,6]. Bacteria belonging to the genus
Serratia have been isolated from plants, waters, food, nematodes,
insects, animals and humans. As many S. marcescens strains are
red-pigmented and were originally assumed to be non-pathogenic,
these bacteria were used as a tracer microorganisms in medical
experiments or as a biological warfare test agents [19]. S. marcescens
is today accepted as a clinical pathogen, while other members of
the genus can also occasionally cause infections. S. marcescens can
cause urinary tract, bloodstream and wound infections, endocardi-

tis, meningitis and pneumonia [19]. Taxonomically, S. marcescens
has been described to be closely related to S. nematodiphila and the
urea-dissolving species S. ureilytica [3,31] and two subspecies, i.e.
S. marcescens subsp. marcescens and S. marcescens subsp. sakuen-

https://doi.org/10.1016/j.syapm.2020.126055
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.com/locate/syapm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.syapm.2020.126055&domain=pdf
mailto:Charles.Franz@mri.bund.de
https://doi.org/10.1016/j.syapm.2020.126055
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is have been described [1]. The basis for the description of the
. marcescens subsp. sakuensis was that it showed high DNA:DNA
e-association value of 97% with S. marcescens subsp. marcescens,
ndicating it to belong to the same species, but on the other hand
t was described to produce endospores, while S. marcescens subsp.

arcescens does not [1]. In this study, 15 Serratia strains were
solated from fresh produce obtained from the retail market in
ermany and were previously studied for their antibiotic resis-

ances (data not shown). These strains were identified using a
olyphasic approach involving phenotypic, genotypic as well as
enomic data.

aterials and methods

henotypic characterization

All isolates were tested for the production of the catalase and
xidase enzymes by removing colony material from LB agar plates
Roth, Karlsruhe, Germany) with a sterile tooth pick, and streak-
ng onto a Rotitest-Oxidase Test strip containing the cytochrome
xidase substrate N′,N′,N′,N′-tetramethyl-p-phenylene diamine
Roth). The presence of the oxidase enzymes was  indicated by a
olor change of the test strips from white to blue. The presence of
atalase was tested by adding 3% H2O2 (v/v) (Merck, Darmstadt,
ermany) to the colonies and observing for gas formation. In addi-

ion, the Gram reaction of all strains was tested using the 3% KOH
w/v) method on a glass microscope slide with a sterile toothpick
9]. The production of indole from tryptophan was tested by adding

 drop of Kovac’s reagent (Roth) to a culture grown in Tryptone-
oy Broth (Thermo Fisher Scientific, Dreieich, Germany) at 37 ◦C
or 24 h, and was scored positive when the medium immediately
howed a color change to pink/violet. Strains were also charac-
erized using the API ID 32E miniaturized identification test kit
ccording to the manufacturer’s instructions (BioMérieux, Nürtin-
en, Germany). For this, bacteria were first sub-cultured twice in LB
roth for 18 h at 37 ◦C. One ml  of overnight culture was centrifuged
t 13 000 g for 4 min  and the optical density was determined from

 1:10 dilution in the same medium. The bacterial density was
djusted to a McFarland density of 0.5 using 0.85% NaCl and this
uspension was used to inoculate the API 32E test strips. The strips
ere incubated according to the manufacturer’s instructions.

pore formation

A spore staining was done for S. marcescens subsp. sakuensis
SM 17174T after growing it for 10 days in LB broth at 25 ◦C,
sing malachite green and safranin as stains for spores and cells,
espectively, and with Bacillus cereus DSM 4312T as a positive
ontrol [31]. Cells were investigated for presence of spores using
right field microscopy at 640× magnification after spore staining
18]. The S. marcescens subsp. sakuensis DSM 17174T type strain
as also prepared for transmission electron microscopy after 18 h

rowth at 37 ◦C. Samples were essentially prepared as described
y Soerensen et al. [27], with the modification that 2% (v/v) glu-
araldehyde was used for fixation and 1% (w/v) uranyl acetate for
egative staining. Electron micrographs were taken using a Tecnai
0 transmission electron microscope (FEI Thermo Fisher scientific,
indhoven, Netherlands), at an accelerating voltage of 80 kV. Digital
icrographs were taken with a Megaview G2 CCD camera (Emsis,
uenster, Germany).

atty acid profile analysis
For cellular fatty acid analyses, the selected strains S2, S3T,
13, S10 and S15T were grown in LB broth (Roth) and sent to
he Deutsche Sammlung von Mikroorganismen und Zellkulturen
d Applied Microbiology 43 (2020) 126055

(DSMZ, Braunschweig, Germany) for commercial identification. For
cellular fatty acid analysis, 30 mg  of freeze dried cells were pre-
pared. Cellular fatty acids were analyzed after conversion into
fatty acid methyl esters (FAMEs) by saponification, methylation
and extraction using minor modifications of the method of Miller
[21] and Kuykendall et al. [17]. The fatty acid methyl esters mix-
tures were separated by gas chromatography and detected by a
flame ionization detector using Sherlock Microbial Identification
System MIS  MIDI, Microbial ID, Newark, DE 19711 USA. Peaks were
automatically integrated and fatty acid names and percentages cal-
culated by the MIS  Standard Software Microbial ID.

16S rRNA gene sequencing

The total genomic DNA of all strains was isolated according
to the methods of Pitcher et al. [25] after growth in LB broth
for 18 h at 37 ◦C. The DNA was used as template to amplify the
almost complete (ca. 1450 bp) 16S rRNA gene, using the primers
27 F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1540R (5′-TAC
GGY YAC CTT GTT ACG ACT-3′) as described previously [10]. The
PCR product was  cleaned using a Peqgold cycle pure kit (Peqlab,
Erlangen, Germany) and sent for sequencing at GATC Biotech
(Cologne, Germany). The 16S rRNA gene sequences similarities
were determined using the EzTaxon Identification Service (http://
www.ezbiocloud.net/identify) [23].

Multi locus sequence analysis (MLSA) and whole genome
sequencing

The genomic DNA of all Serratia strains was also extracted
using the ZR Fungal/Bacterial DNA MiniPrepTM kit (Zymo Research,
Freiburg, Germany) for MLSA and for whole genome sequencing,
and DNA concentration was measured with Qubit 3.0 fluorome-
ter (Thermo Fisher Scientific). The genome sequencing library was
prepared with an Illumina Nextera XT library prep kit (Illumina,
San Diego, USA) and was  done on an Illumina MiSeq platform
(paired-end, 2 × 250 bp reads). Raw sequence data which contained
adapters were trimmed using Trimmomatic (v. 0.32) [4], and de-
novo genome assembly was  performed with SPAdes 3.10.1. [2]. The
quality of the obtained genome contigs was evaluated using the
QUAST tool [13] and all contigs that were longer than 500 bp were
used for genome annotation by the PATRIC genome annotation
server [29].

In order to identify all strains, a multi locus sequencing analy-
sis (MLSA) was first applied in this study. All housekeeping gene
sequences were extracted from whole genome sequence data, and
those sequences were aligned using the MegAlign tool of the DNAS-
TAR program (v.13). All sequences were concatenated and edited to
the same length as indicated in Suppl. Table 2. The sequences were
clustered and then a phylogenetic tree was re-constructed using
the maximum likelihood method with 1000 bootstrap resamplings
and the kimura-2 parameter for nucleotide substitutions MEGA7
[28] (Fig. 2).

In order to construct a phylogenetic tree based on genome
sequences, the conserved core genome sequences were extracted
and concatenated by the PATRIC server. A homologous group fil-
tering and a group alignment were performed and an estimated
phylogenetic tree from concatenated alignment sequences was cal-
culated with the outgroup type strain Xenorhabdus nematodiphila
ATCC 19061T, using a FastTree method with all shared proteins
parameters [26].
Overall genome related indexes

The digital DNA–DNA hybridization (dDDH) values and aver-
age nucleotide identity (ANI) values were determined using the

http://www.ezbiocloud.net/identify
http://www.ezbiocloud.net/identify
http://www.ezbiocloud.net/identify
http://www.ezbiocloud.net/identify
http://www.ezbiocloud.net/identify
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hole genome sequence of strains from this study as well as refer-
nce genome sequences for appropriate reference strains obtained
rom the NCBI databank. The dDDH and Ortho ANI analyses were
one using the DSMZ (Deutsche Sammlung von Mikroorganismen
nd Zellkulturen) genome-genome distance calculator (GGDC) ver-
ion 2.1 using formula 2 (https://ggdc.dsmz.de/ggdc.php#) and the
rthoANI was also determined using a calculator with USEARCH

30]. dDDH values of >70% or ANI values >96% indicated the same
pecies, lower values indicated a different species [30,11].

esults and discussion

henotypic characterization

The strains were Gram-negative, catalase-positive and oxidase-
egative rods, which is typical for enterobacterial group strains.
nlike the closely-related S. marcescens and S. nematodipila (see
elow) strains, four of the 15 strains (S2, S9, S10 and S15) were
rease-positive. Six of the 15 strains (S5, S8, S11, S12, S14 and S16)
ere red pigmented when they grew on LB agar plate, which is

ypical for S. marcescens, after 24 h incubation at 30 ◦C, while the
thers showed a milky white colony. Other phenotypic charac-
eristics were determined using the API 32E miniaturized test kit
BioMerieux, Nürtingen, Germany) and are shown in Suppl. Table 1.
he fatty acid profiles of five selected strains are shown in Table 1.
he major fatty acids determined for these strains (S2, S10 and
15T) were C16:0, C16:1 �7c/C16:1 �6c and C18:1 �6c /C18:1 �7c
nd the major fatty acid profiles were similar to those of other Ser-
atia type strains [15] (Table 1). Strain S3T and S13 showed that the
ajor fatty acids profiles were C16:0, C16:1 �7c/C16:1 �6c, C18:1
6c /C18:1 �7c and C17:0 Cyclo (Table 1). Cells of the strain S15T

=DSM 110085T), which did not form red colonies and were urease-
ositive, could be observed to be rod-shaped by bright light and
ransmission electron microscopy, respectively, possessing numer-
us peritrichous flagella and no endospores (Fig. 1a). Cells of the
train S3T (=DSM 110152T) were urease-negative, non-red pig-
ented and did also not produce endospores under transmission

lectron microscopy (Fig. 1b). This strain showed a difference in
ne major fatty acid when compared to strain S15T, as it produced
he fatty acid C17:0 Cyclo. Endospores could not be detected in the
ells of S. marcescens subsp. sakuensis DSM 17174T by either spore
taining and bright field microscopy, or by transmission electron
icroscopy (Fig. 1).

hylogenetic analyses and genome features of Serratia spp. from
resh produce

The 16S rRNA gene sequence analyses by EzTaxon showed that
2 of the 15 strains (S2, S3T, S5, S6, S8, S9, S10, S13, S14, S15T,
16 and S18) were tentatively identified as S. marcescens, with
9.50–99.93% sequence similarity, while 3 of the 15 strains (S11,
12 and S17) were tentatively identified as S. nematodiphila strains
ith 99.86–100.00% sequence similarity (Suppl. Table 1).

The MLSA showed that the 15 strains all grouped relatively
losely with S. marcescens subsp.  marcescens ATCC 13880T, S.
arcescens subsp. sakuensis DSM 17174T, S. nematodiphila DSM

1420T, and S. ureilytica LMG  28860T type strains in a cluster, indi-
ating a close relationship between the isolates and S. marcescens,
. nematodiphila and S. ureilytica. This cluster could be subdivided
nto 5 groups, of which group I contained the type strains of both
he S. marcescens subspecies and five of the strains (S5, S11, S12, S14
nd S16), group II contained the S. nematodiphila type strain DSM

1420T and strain S8, group III consisted of the strains S6, S17, S18
nd S. ureilytica LMG  28860T type strain, group IV consisted of the
trains S3T and S13, while group V consisted of the strains S2, S9,
10 and S15T (Fig. 2).
d Applied Microbiology 43 (2020) 126055 3

As the MLSA with four housekeeping genes showed all 15 strains
to be closely related to S. marcescens, S. nematodiphila and S. ureilyt-
ica,  the genomes of all isolates were sequenced for a phylogenomic
study (Fig. 3). In addition, in silico digital DNA–DNA hybridization
(dDDH) and ANI values were determined using the Genome-to-
Genome Distance calculator version 2.1 formula 2 and using the
OrthoANI a calculator with USEARCH, respectively [30,20].

Based on whole genome sequence (WGS) data, all 15 strains
again clustered closely with the S. marcescens subsp. marcescens,
S. marcescens subsp. sakuensis, S. nematodiphila and S. ureilytica
type and reference strains (Fig. 3). All the strains again clustered
within the same groups as for MLSA. Strain S8 (MLSA group V,
Fig. 2), which clustered together with the S. nematodiphila DSM
21420T type strain, showed 84.6% and 98.5% similarity values in
dDDH and ANI comparisons, respectively (Tables 2 and 3), indi-
cating that this strain could be identified as S. nematodiphila.  The
MLSA group IV strains S6, S17 and S18 (Fig. 2) showed 90.1, 89.8 and
91.6% similarity in dDDH, and 98.79, 98.67 and 99.02 ANI with the S.
ureilytica Lr5/4 reference strain, respectively, indicating that these
strains could be identified as S. ureilytica strains. The MLSA group I
strains S5, S11, S12, S14 and S16 (Fig. 2) showed highest dDDH val-
ues (88.5–94.7%) and also highest ANI values (96.0–98.99%) when
compared to the S. marcescens subspecies type strains, indicating
that these could be identified as S. marcescens (Tables 2 and 3).

The strains S2, S9, S10 and S15T clustered together very closely in
MLSA group V (Fig. 2) and clearly separate to the clusters containing
the S. marcescens subsp. marcescens, S. marcescens subsp. sakuen-
sis, S. nematodiphila and S. ureilytica type and reference strains
in the phylogenomic tree (Fig. 3). In silico hybridization of the
genomes of these four strains with the type strains S. marcescens
subsp. marcescens ATCC13880T, S. marcescens subsp. sakuensis DSM
17174T, S. nematodiphila DSM 21420T and the reference S. ureilytica
Lr5/4, respectively, yielded values of well less than 70 % similar-
ity in all cases (Table 2), indicating that these strains represent
a novel taxon. The ANI data showed that the four strains exhib-
ited ANI values of less than 96% when compared to S. marcescens
subsp. marcescens ATCC 13880T, S. marcescens subsp. sakuensis DSM
17174T, S. nematodiphila DSM 21420T and S. ureilytica Lr5/4, again
indicating that these strains form a novel taxon (Suppl. Table 4). The
strains S2, S9, S10 and S15T on the other hand, showed ANI values
above 98.8% similarity, indicating the strains to belong to the same
species (result not shown).

The strains S3T and S13 of MLSA group III clustered apart and
clearly separate from other strains in both the MLSA and the phy-
logenomic trees (Figs. 2 and 3). These strains all showed dDDH
hybridization values of <70% when compared to all the Serratia
type strains (Table 2). The highest dDDH value of S3T strain with
type strain S. marcescens subsp. marcescens was 66.8 % similarity
(Table 2). Also, all ANI values of strains S3T and S13 when com-
pared to the type and reference strains of Serratia species were
<96% (Suppl. Table 4), while the ANI value between strain S3T and
S13 was  98.8% similarity (result not shown). These results clearly
indicated that the strains S3T and S13 also form a novel taxon.

Our study shows that 16S rRNA gene sequence analyses are not
always sufficient to accurately identify the Serratia strains. For an
accurate identification, MLSA and phylogenomic analyses, espe-
cially when done in combination may  suffice. However, the strains
often group so closely in MLSA or phylogenomic analyses, that the
use of dDDH and ANI values are necessary to confirm the relation-
ships of isolates to species. Taken together, the 16S rRNA gene
sequence and multi locus sequence analysis, the phylogenomic
analyses, as well as physiological and biochemical tests, revealed

that the four strains S2, S9, S10 and S15T formed a taxon well-
separated from its nearest neighbors and other established Serratia
species. Thus, the representative S15T indicates a new Serratia
species, for which the name Serratia nevei sp. nov. is proposed, with

https://ggdc.dsmz.de/ggdc.php#
https://ggdc.dsmz.de/ggdc.php#
https://ggdc.dsmz.de/ggdc.php#
https://ggdc.dsmz.de/ggdc.php#
https://ggdc.dsmz.de/ggdc.php#
https://ggdc.dsmz.de/ggdc.php#
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Table 1
Cellular fatty acid profiles of representative Serratia isolates and closely related Serratia type strains. Strain A, S. fonticola CCUG 37824T; B, S. liquefaciens CCUG 9285T; C, S.
marcescens CCUG 1647T; D, S. ureilytica CCUG 50595T; E, S. entomophila CCUG 55496T; F, S. marcescens subsp. sakuensis DSM 17174T. All fatty acid data were obtained from
the  previous studies [1,15]. Values are percentage of total fatty acids.

S2 S10 S15T S3T S13 A B C D E F

C10:0 0.91 0.79 1.01 0.17 0.18 0 0 0 0 0 0
C10:0  3-OH 0.00 0.00 0.06 0.24 0.23 0 0 0 0 0 0
C11:0 0.06 0.05 0.07 0.00 0 0 0 0 0 0 0
C12:0 6.59 5.94 6.99 1.17 1.90 2.90 0 1.90 1.40 3.50 1.25
C12:2  0 0 0 0 0 0 0 0 0 0 2.94
C12:0 2-OH 1.08 1.11 1.02 0.58 1.12 0 0.30 0 0.40 0.60 0
C12:0 3-OH 0.14 0.12 0.14 0 0 0 0 0 0 0 0
C14:0 4.40 4.43 4.28 5.59 4.34 7.50 6.60 7.90 6.30 6.00 0
C14:0 2-OH 2.94 3.06 3.00 2.72 2.39 0 0.80 2.20 2.50 1.30 2.83
C14:0 3-OH/C16:1 Iso I 7.78 7.68 7.80 8.20 8.42 6.30 8.80 8.80 8.30 6.40 0
C16:1  �7c/C16:1 �6c 11.48 11.23 10.82 15.23 15.83 22.4 23.10 27.00 19.70 24.40 0
C16:1  �5c 0.11 0.11 0.11 0 0 0 0 0 0 0 0
C16:0 30.5 30.79 30.23 31.94 31.29 24.9 32.50 31.80 30.90 29.50 33.2
C17:0 Cyclo 14.51 16.26 15.48 15.55 14.41 16.5 12.00 2.70 10.20 10.50 0
C17:0 0.21 0.19 0.24 0.59 0.63 2.20 0.40 0.00 1.10 1.70 0.66
C17:1  0 0 0 0 0 0 0 0 0 0 28.31
C16:0 3-OH 0.26 0.29 0.27 0.14 0.17 0 0 0 0 0 0.14
C18:0 0.35 0.34 0.37 0.35 0.39 0.50 1.40 0 0.60 0.60 1.93
C19:0 Cyclo �8c 3.86 2.64 4.47 2.53 2.71 0 0.60 0 1.20 0.30 0
C19:1  0 0 0 0 0 0 0 0 0 0 19.94
C18:1  �6c /C18:1 �7c 11.82 13.03 11.16 14.68 15.44 5.70 12.50 15.10 13.50 11.90 0
Unknown 10.928 0 0 0 8.52 8.72 0 0 0 0 0 0
Unknown 11.799 2.00 3.62 4.45 0 0 0 0 0 0 0 0
Unknown 13.957 0.34 0.71 0.69 0 0 0 0 0 0 0 0
Unknown 14.502 0.31 0.53 0.71 0 0 0 0.60 1.10 0.70 0.70 0
C15:0 0.10 0.22 0.27 0 0 9.40 0.40 0.00 1.40 1.90 0.58

F 8 h at
s m.

s
p
t
m
i
t

ig. 1. Transmission electron micrographs of new type strains S3T and S15T after 1
ubsp.  sakuensis DSM 17174T after 18 h (c) and 30 d (d) incubation at 25 ◦C. Bars, 1 �

train S15T (=DSM 110085T, =LMG 31536T) as type strain. These are
henotypically different from the closely related S. marcescens, as
hey are urease-positive and do not produce a red pigment on LB
edium. The novel species can also be distinguished from S. ureilyt-
ca as the strains are methyl red negative (Table 3). Similarly, these
ests and analyses indicated that the two strains S3T and S13 also
 35 ◦C (a and b) showing flagella in different magnification and strain S. marcescens

represent a novel species, for which the name Serratia bockelman-
nii is proposed, with strain S3T (=DSM 110152T, = LMG  31535T) as
type strain. The strains of this novel species can be phenotypically

distinguished from the closely related S. marcescens in that they do
not produce red pigment on LB medium and from S. ureilytica in
that they are urease-negative (Table 3).
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Fig. 2. Phylogenetic analysis of two novel strain groups (i.e. S. nevei S2, S9, S10 and S15T and S. bockelmannii S3T and S13) with closely related type and reference strains
of  the genus Serratia based on concatenated partial atpD, gyrB, infB and rpoB sequences (MLSA). Xenorhabdus nematophila ATCC 19061T was used as an out-group and the
phylogenetic tree was calculated using maximum-likelihood method with 1000 replications (bootstraps analysis) using Kimura-2 parameter. Bar indicated 0.05 substitutions
per  nucleotide position. Bar, 0.05 substitutions per nucleotide position.

Table 2
In silico DNA-DNA hybridization performed with whole genome sequence data of representative Serratia genomes, using Genome-to-Genome Distance calculator (GGDC)
version  2.1 formula 2 [20]. The values indicated were obtained using formula 2 recommended by the GGDC.

S2 S3T S5 S6 S8 S9 S10 S11 S12 S13 S14 S15T S16 S17 S18

S. grimesii NBRC 13537T 24.6 24.5 24.7 24.8 24.6 24.6 24.6 24.6 24.6 24.5 24.7 24.6 24.7 24.8 24.7
S.  ficaria NCTC 12148T 35 34.2 34.9 34.5 34.8 35 35.1 34.6 34.6 34.2 34.8 35 34.9 34.6 34.5
S.  fonticola DSM4576T 24.8 24.8 24.6 24.7 24.7 24.7 24.7 24.7 24.7 24.7 24.6 24.7 24.6 24.8 24.8
S.  liquefaciens ATCC 27592T 27.1 26.9 27.1 27.1 26.9 27.1 27.2 27.1 27.1 26.9 27.1 27.1 27.1 27.1 27
S.  marcescens subsp. marcescens ATCC13880T 62.2 66.8 94.6 62 73.4 62.2 62 88.5 88.5 66.8 94.7 62.3 94.6 62.7 62.1
S.  marcescens subsp. sakuensis DSM 17174T 62.6 66.5 90.8 62.9 74 62.6 62.5 92.4 92.4 66.7 90.4 62.6 90.8 63.6 63.3
S.  nematodiphila DSM 21420T 61.1 63.4 73.9 62.4 84.6 61.1 61.3 74.9 74.9 63.7 73.9 61.1 73.9 62.5 62.4
S.  odorifera NCTC 11214T 25.3 25.1 25.3 25.4 25.3 25.3 25.3 25.1 25.1 25.1 25.2 25.3 25.3 25.4 25.4
S.  plymutica NCTC 12961T 28.3 28.1 28.3 28.2 28.1 28.2 28.3 28.2 28.2 28.1 28.3 28.3 28.3 28.3 28.2
S.  quinivorans NCTC 11544T 27.2 26.9 27 27.2 27.1 27.2 27.2 27 27 27 27 27.2 27 27.1 27.2

T 26.5 

26.8 

62.2 

D

i

S.  rubidaea CIP 103234 26.6 26.4 26.5 26.6 

S.  symbiotica DSM 23270T 26.8 26.7 26.8 26.7 

S.  ureilytica Lr5/4 57.7 62.5 62.8 90.1 
escription of S. nevei sp. nov

Serratia nevei sp. nov. (ne’ve.i. N.L. gen. masc. n. nevei, of Neve,
n honor of Dr. Horst Neve in recognition of his outstanding work
26.6 26.6 26.5 26.5 26.3 26.5 26.6 26.5 26.6 26.5
26.5 26.8 26.6 26.6 26.8 26.6 26.6 26.8 26.7 26.7
57.6 58.7 62.6 62.6 63.3 62.6 57.8 62.8 89.8 916
in the area of phage biology). Cells are Gram-negative, catalase-
positive, oxidase-negative and urease-positive. The strains can
grow in LB medium containing 1% to 7% NaCl. The optimal growth
temperature ranged from 32 ◦C to 35 ◦C, but growth was  also
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Fig. 3. Phylogenomic analysis of two novel strain groups (i.e. S. nevei S2, S9, S10 and S15T and S. bockelmannii S3T and S13 with closely related Serratia type and reference
strains.  A homologous group filtering and concatenated sequence alignment with the outgroup type strain Xenorhabdus nematodiphila ATCC 19061T were performed using
a  FastTree pipeline in PATRIC server. Bar, 0.05 substitutions per nucleotide position.

Table 3
Biochemical characteristics of Serratia isolates and related species. +, postitive; -, negative; nd, not detected.

Characteristic S. marcescens
subsp. marcescens
ATCC 13880T

S. marcescens
subsp. sakuensis
DSM 17174T

S. ureilytica LMG
22860T

S. nematodiphila
DSM 21420T

S2 S3T S9 S10 S13 S15T

Urease – – + – + – + + – +
Catalase + + + + + + + + + +
Arginine dihydrolase – – + + + – + + + +
Lipase + + + + + + + + + +
Methyl red test – – + – – – – – – –

Carbohydrate utilisation
l-Arabinose + – – + – – – – – –
Cellobiose – nd + – – – – – – –
Adonitol – + + + + + + + + +
L-Rhamnose – – – nd – – – – – –
d-Sorbitol + + + nd + + + + + +
Sucrose + + + nd + + + + + +
d-Maltose + nd + nd + – + + + +



G.-S. Cho, M. Stein, E. Brinks et al. / Systematic and Applied Microbiology 43 (2020) 126055 7

Table  4
Description of Serratia nevei sp. nov.

Species name Serratia nevei
Genus name Serratia
Specific epithet nevei
Species status sp. nov.
Species etymology ne’ve.i., N.L. masc. n. nevei in honor of Dr. Horst Neve in recognition of his outstanding work in the

area of phage biology
Authors Gyu-Sung Cho, Maria Stein, Erik Brinks, Jana Rathje, Woojung Lee, Soo Hwan Suh and Charles

M.A.P. Franz
Title Serratia nevei sp. nov. isolated from cucumber in Germany, reclassification of Serratia marcescens

subsp. sakuensis Ajithkumar et al. 2003 as a later heterotypic synonym of Serratia marcescens
subsp. marcescens.

Corresponding author Charles M.A.P. Franz
E-mail of the corresponding author Charles.Franz@mri.bund.de
Submitter Gyu-Sung Cho
E-mail of the submitter Gyusung.cho@mri.bund.de
Designation of the type strain S15
Strain collection numbers DSM 110085 = LMG  31536
Genome accession number [RefSeq] VTUT01000000
Genome status Draft genome sequence
Genome size 5.25Mbp
GC  mol% 59.49
Country of origin Germany
Region of origin Kiel
Date of isolation 02.05.2015
Source of isolation Cucumber
Sampling date 02.05.2015
Geographic location Kiel / Germany
Latitude 54◦32′33“N
Longitude 10◦13′94“E
Altitude 5
Number of strains in study 4
Source of isolation of non-type strains Vegetable (cucumber and basil)
Growth medium, incubation conditions [temperature, pH,

and further information] used for standard cultivation
Luria-Bertani medium [35 ◦C, pH 7.0]

Is  a defined medium available LB [Bertani, G. (1951) J. Bacteriol. 62(3): 293-300
Alternative medium 1 Müller-Hinton [Müller J.H. (1941) Proceedings of the Society for Experimental Biology and

Medicine 48:330]
Alternative medium 2 Trypticase Soy Broth [Doyle, et al., (1968) Appl. Microbiol. 16:1742-1744]
Conditions of preservation Liquid medium (LB 20%) mixed with 80% (v/v) glycerol and stored at −70 ◦C
Gram stain Negative
Cell shape Rod
Cell size (length or diameter) 2∼3 �m
Motility Motile
If  motile Pili
Colony morphology Colonies were milky, approximately 1 mm in diameter, irregular and raised with an undulate

margin
Temperature optimum 35
pH  optimum 7.5
pH category Neutrophile
Salinity optimum 0.5
Salinity category Hyposaline
Relationship to O2 Aerobe
O2 conditions for strain testing Aerobiosis
Carbon source used [class of compounds] Sugars, amino acids
Carbon source used [specific compounds] d-glucose, Lactose, sucrose
Carbon source not used [specific compounds] d-arabinol, l-arabinose, l-aspartate, cellobiose, malonate, palatinose, rhamnose
Carbon source variable [specific compounds] l-arginine, l-arabinol, adonitol, inositol, d-mannitol, l-lysine, maltose, mannitol, ornithine,

trehalose,
Energy  metabolism Chemoorganotroph
Oxidase negative
Urease positive
Catalase Positive
Positive tests Arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase
Negative tests Anaerobic growth with arginine or DMSO, hydrolysis of Tween 20, casein hydrolysis,

Voges-Proskauer test, production of H2S, gas formation with nitrate
Major fatty acids C16:0; C16:1 �7c /C16:1 �6c; C18:1 �6c /C18:1 �7c

Biosafety level 2
ce

o
a
f
d

Habitat Fresh produ
Biotic relationship Free-living
Known pathogenicity None

bserved at 10 ◦C but not at 45 ◦C. It was tested positive for arbutine

nd esculine iron citrate, while negative for production of indole
rom tryptophane. �-galactosidase, ornithine decarboxylase, lysine
ecarboxylase, lipase and arginine dihydrolase are present. Acid is
produced from l-arabinol, d-mannitol, adonitol, glucose, sucrose,

N-acetyl-glucosamine, maltose, d-trehalose, inositol and sorbitol.
�−galactosidase, � glucuronidase, l-aspartate-arylamidase, �-
maltosidase are absent. The major cellular fatty acids produced are
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Table 5
Description of Serratia bockelmanniii sp. nov.

Species name Serratia bockelmannii
Genus name Serratia
Specific epithet nevei
Species status sp. nov.
Species etymology bo.ckel.mann’i.i. N.L. masc. n. bockelmannii in honor of Dr. Wilhelm Bockelmann in recognition of

his outstanding work in the area of Biotechnology
Authors Gyu-Sung Cho, Maria Stein, Erik Brinks, Jana Rathje, Woojung Lee, Soo Hwan Suh and Charles

M.A.P. Franz
Title Serratia nevei sp. nov. isolated from cucumber in Germany, reclassification of Serratia marcescens

subsp. sakuensis Ajithkumar et al. 2003 as a later heterotypic synonym of Serratia marcescens
subsp. marcescens.

Corresponding author Charles M.A.P. Franz
E-mail of the corresponding author Charles.Franz@mri.bund.de
Submitter Gyu-Sung Cho
E-mail of the submitter Gyusung.cho@mri.bund.de
Designation of the type strain S3
Strain collection numbers DSM 110152 = LMG  31535
Genome accession number [RefSeq] VOUX00000000
Genome status Draft genome sequence
Genome size 5.29Mbp
GC  mol% 59.04
Country of origin Germany
Region of origin Kiel
Date of isolation 02.05.2015
Source of isolation Mixed salad
Sampling date 02.05.2015
Geographic location Kiel / Germany
Latitude 54◦32′33“N
Longitude 10◦13′94“E
Altitude 5
Number of strains in study 2
Source of isolation of non-type strains Fresh produce (mixed salad and basil)
Growth medium, incubation conditions [temperature, pH,

and further information] used for standard cultivation
Luria-Bertani medium [35 ◦C, pH 7.0]

Is  a defined medium available LB [Bertani, G. (1951) J. Bacteriol. 62(3): 293-300
Alternative medium 1 Müller-Hinton [Müller J.H. (1941) Proceedings of the Society for Experimental Biology and

Medicine 48:330]
Alternative medium 2 Trypticase Soy Broth [Doyle, et al., (1968) Appl. Microbiol. 16:1742-1744]
Conditions of preservation Liquid medium (LB 20%) mixed with 80% (v/v) glycerol and stored at −70 ◦C
Gram stain Negative
Cell shape Rod
Cell size (length or diameter) 2–3 �m
Motility Motile
If  motile Pili
Colony morphology Colonies were milky, approximately 1 mm in diameter, irregular and raised with an undulate

margin
Temperature optimum 35
pH  optimum 7.5
pH  category Neutrophile
Salinity optimum 0.5
Salinity category Hyposaline
Relationship to O2 Aerobe
O2 conditions for strain testing Aerobiosis
Carbon source used [class of compounds] Sugars, amino acids
Carbon source used [specific compounds] d-glucose, lactose, sucrose
Carbon source not used [specific compounds] d-arabinol, l-arabinose, l-arginine, l-aspartate, cellobiose, malonate, palatinose, rhamnose,
Carbon source variable [specific compounds] Adonitol, l-arabinol, inositol, l-lysine, maltose, d-mannitol, ornithine, trehalose
Energy metabolism Chemoorganotroph
Oxidase negative
Urease negative
Catalase Positive
Positive tests Arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase
Negative tests Anaerobic growth with arginine or DMSO, hydrolysis of Tween 20, casein hydrolysis,

Voges-Proskauer test, production of H2S, gas formation with nitrate
Major fatty acids C16:0; C17:0 Cyclo; C16:1 �7c /C16:1 �6c; C18:1 �6c /C18:1 �7c

Biosafety level 2
ce

C
f
S
i
(

Habitat Fresh produ
Biotic relationship Free-living
Known pathogenicity None

16:0, C16:1 �7c/C16:1 �6c and C18:1 �6c /C18:1 �7c. The overall
atty acid profile of S15T strain is shown in Table 1. The type strain

15T (= DSM 110085T, =LMG 31536T) was isolated from cucumber
n Germany in 2015 and has a DNA mol% G + C content of 59.49
Table 4).
Description of S. bockelmannii sp. nov
Serratia bockelmannii sp. nov. (bo.ckel.mann’i.i. N.L. gen.
masc. n. bockelmannii, of Bockelmann, in honor of Dr. Wil-
helm Bockelmann in recognition of his outstanding work in
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he area of biotechnology and microbiology). Cells are Gram-
egative, catalase-positive, oxidase-negative and urease-negative.
he strains can grow in LB medium containing 1% to 7% NaCl. The
ptimal growth temperature ranged from 32 ◦C to 35 ◦C. Growth
as also observed at 10 ◦C, but not at 45 ◦C. It tested positive for

sculine iron citrate, while negative for arbutine and production
f indole from tryptophane. �-galactosidase, ornithine decar-
oxylase, lysine decarboxylase and lipase present, while arginine
ihydrolase is absent. Acid is produced from l-arabinol, d-mannitol,
donitol, glucose, sucrose, N-acetyl-glucosamine, maltose, d-
rehalose, inositol 5 ketogluconate, galacturonate and sorbitol.
−galactosidase, � glucuronisase, l-aspartate-arylamidase, �-
altosidase are absent. The major cellular fatty acids produced are

16:0, C17:0 Cyclo, C16:1 �7c/C 16:1 �6c, C18:1 �6c /C 18:1 �7c
nd unknown 10.9. The overall fatty acid profile of S3T strain is
hown in Table 1. The strain differed from type strain S15T as it
roduced the fatty acid C17:0 cyclo and because it was urease-
egative. The type strain S3T = DSM 110152T, =LMG 31535T) was

solated from mixed salad in Germany in 2015 and has a DNA mol
 G + C content of 59.04 (Table 5).

erratia marcescens subsp. sakuensis Ajithkumar et al. 2003 is a
ater heterotypic synonym of Serratia marcescens subsp.

arcescens

Ajithkumar et al. [1] described S. marcescens subsp. sakuen-
is strain KREDT = DSM 17174T) subsp. nov. on the basis that this
ubspecies forms spores and that the DNA–DNA hybridization
imilarity value, determined by wet chemistry, was  more than
0%. The S. marcescens subsp. sakuensis type strain DSM 17174T

as obtained from the DSMZ culture collection (Braunschweig,
ermany), and the cells were investigated for spore formation
y bright field and transmission electron microscopy. With both
ethods, endospores could not be detected. The genome of S.
arcescens subsp. sakuensis was obtained from the NCBI data-

ank and revealed only two genes that showed a similarity with a
pore coat protein domain. In comparison, a Bacillus subtilis genome
hows >50 genes associated with spore formation and maturation
16] related to spore formation. In a meeting of the Subcommittee
n the taxonomy of Enterobacteriaceae of the International Com-
ittee on Systematics of Prokaryotes in Istanbul Turkey in 2009,

he Subcommittee noted that a Serratia species was reported to
e able to produce spores and the Subcommittee decided that
his issue should be addressed to confirm or deny the observa-
ion [14]. According to the minutes of the meeting, one of the
ubcommittee members had already done a preliminary inves-
igation but failed to demonstrate the presence of spores [14],
hich can be confirmed by the results of our study. Recently, Dio-

ad and Chakraborty sequenced the genome of the S. marcescens
ubsp. sakuensis type strain DSM 17174T, carried out the analy-
es recommended to define a subspecies [12] and also concluded
hat DSM 17174T does not satisfy the genomic criteria for defin-
ng a subspecies. They therefore proposed “. . .the removal of the S.

arcescens subsp. sakuensis designation”. Thus, based on our inves-
igation regarding spore formation and the genomic analyses by
oijad and Chakraborty [12] we conclude that S. marcescens subsp.

akuensis is a later heterotypic synonym of S. marcescens subsp.
arcescens.
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Appendix A. Supplementary data

Supplementary material related to this article can be found,
in the online version, at doi:https://doi.org/10.1016/j.syapm.2020.
126055.
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