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Abstract

Strain CCI9, which was isolated from leaf soil collected in Japan, was capable of growth on
poor-nutrient medium, at temperatures of 10°C to 45°C, at pHs of 4.5 to 10, and in the presence of
7.0% NaCl. We determined a draft genome sequence of strain CCI9, which consists of a total of 28
contigs containing 4,644,734 bp with a GC content of 56.1%. This assembly yielded 4,154 predicted
coding sequences. Multilocus sequence analysis (MLSA) based on atpD, gyrB, infB, and rpoB gene
sequences were performed to further identify strain CCI9. The MLSA revealed that strain CCI9
clustered tightly with Enterobacter roggenkampii EN-117". Moreover, the average nucleotide identity
value (98.6%) between genome sequences of strain CCI9 and E. roggenkampii EN-117" exceeds the
cutoff value for prokaryotic subspecies delineation. Therefore, strain CCI9 was identified as E.
roggenkampii CCI9. To clarify differences between E. roggenkampii EN-117" and CCI9, the coding
proteins were compared against the eggNOG database.
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Introduction

Microbial bioproduction enables continuous
production of desired substances from nutrients
including sugars, nitrogens and minerals. In the
present day, therefore, a variety of microorganisms
are used industrially for production of enzymes [1],
medicines [2], and organic acids [3]. These micro-
organisms require high-nutrient media containing
large amounts of sugar, nitrogen, phosphorus,
mineral and other nutrients to optimize their
productivities. On the other hand, the reduction of
nutrient costs is important for achieving cost-effective
production. Consequently, various attempts to reduce
the production cost have been studied intensively in
recent years. In general, the development of
metabolically engineered strains with improved
productivity of target substances is one of the most
effective ways to reduce production costs [3]. For

example, an engineered Mannheimia succiniciproducens
strain is shown to increase the productivity of succinic
acid and to decrease the by-product formation [4]. The
utilization of agro-industrial wastes (such as
sugarcane bagasse, potato peel waste and oil cake) as
the nutrient sources also helps to reduce production
costs [5].

Apart from those attempts, we expect that
production costs could be reduced if an oligotrophic
microorganism is used for industrial bioproduction,
since oligotroph can grow under low-nutrient
conditions. However, the doubling time of oligotroph
is relatively long, and the growth of an obligate
oligotroph is inhibited in the presence of high levels of
nutrients [6]. These limitations make oligotroph
difficult to use for the industrial bioproduction. Thus,
new oligotrophic strain with fast growth rates is
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needed. Here, we report the isolation of an oligotroph,
strain CCI9, with a fast growth rate. To facilitate
future in-depth genomic studies and industrial
applications of this strain, strain CCI9 was subjected
to genome sequencing,.

Materials and Methods

Soil samples were collected from Higashi-
Hiroshima city in Hiroshima prefecture, Japan. A
1.5% agar plate (pH 7.2) without any additional
carbon and nutrient sources was used for isolation of
the objective oligotroph. Agar (Nacalai tesque, Kyoto,
Japan) used in this study contains sulfate (<0.4%),
calcium (<0.1%), iron, (<0.01%) and a few fatty acids
and/or other minerals at concentrations less than
0.01%. The pH of agar plate was adjusted using
NaOH. To isolate the oligotroph from the soil
samples, soil samples were suspended at 10% (w/v)
with sterilized water, and the suspension was then
filtrated to remove the soil sample. Subsequently, the
filtrate was inoculated onto the plate. After the plate
was incubated overnight at 37°C, individual colony
was successively re-streaked onto fresh 1.5% agar
plates at least three times to obtain a pure colony.

After strain CCI9 was pre-grown overnight, the
pre-culture was diluted to ODgypo = 0.05 with fresh
medium, the culture was incubated under several
conditions. The ODgyp was measured by monitoring
the difference between cellular and cell-free turbidity
values wusing an Eppendorf BioSpectrometer
(Eppendorf, Hamburg, Germany). Growth of strain
CCI9 was tested using Nutrient Broth (Kyokuto,
Tokyo, Japan) at various temperatures (5-50°C) and
pHs (4.0-11.0), and in the presence of various
concentrations of NaCl (0-8.0%, w/v).

To prepare genomic DNA, strain CCI9 was
cultured aerobically for 6 h at 37°C in Nutrient Broth
(Kyokuto, Tokyo, Japan), and the cells were harvested
by centrifugation. Extraction of genomic DNA from
the cells was performed using an illustra™ bacteria
genomicPrep Mini Spin Kit (GE Healthcare, Chicago,
IL, USA) according to the manufacturer’s instructions.
The concentration and purity of the resulting genomic
DNA were measured using a QuantiFluor ONE
dsDNA System (Promega, Madison, WI, USA) and
NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), respectively.

Genome sequencing was performed using a
MiSeq (llumina, San Diego, CA, USA) sequencer.
Default parameters were used for all software unless
otherwise specified. The de novo assembly of the raw
data was carried out using A5-miseq ver.20160825 [7].
The tRNA and rRNA genes were detected using
Prokka v.1.14.0 [8]. Genome annotation was
performed using Prokka v.1.14.0 [8] and the eggNOG-

mapper website v.2.0.0 [9]. Average nucleotide
identity (ANI) values were calculated by pairwise
genome comparison of genome sequences of strain
CCI9 and E. roggenkampii EN-1177 using the ANI
algorithm [10] implemented within OrthoANIu tools
[11]. The Venn diagram based on the predicted coding
sequences was constructed using OrthoVenn2 [12]. To
clarify differences between E. roggenkampii EN-117T
and CCI9, the coding proteins were compared against
the eggNOG database [9].

Multilocus sequence analysis (MLSA) was
performed using the method of Brady et al. [13, 14]. A
phylogenetic tree of concatenated sequences (10,512
bp), including partial sequences of four housekeeping
genes [atpD (encoding the P subunit of ATP synthase;
1383 bp), gyrB (encoding DNA gyrase; 2412 bp), infB
(encoding translation initiation factor 2; 2688 bp), and
rpoB (encoding the B subunit of RNA polymerase;
4029 bp)] from strain CCI9, was reconstructed using
the maximume-likelihood method with the Tamura-
Nei model [15]. The housekeeping genes of the related
type strains were obtained from the GenBank/
DDBL/EMBL databases.

Results and Discussion

To obtain oligotrophs, filtrates were prepared
from several soil samples such as compost, leaf soil,
mud and peat moss. Subsequently, the filtrates were
plated onto 1.5% agar (pH 7.2) without an additive
carbon source or other medium components. After
incubation overnight at 37°C, a single colony was
obtained from the filtrate of leaf soil, which is a soil
composed mainly of decaying leaves. A purified
colony was obtained through standard dilution
plating on the same plates, and this isolate was
designated strain CCI9 (strain number: HUT-8146). By
contrast, Escherichia coli MG1655, which is used to
create a bioproduction strain in many studies, did not
grow on a 1.5% agar (pH 7.2). Although some
oligotrophic bacteria are inhibited by high nutrient
mixtures [16, 17], the growth of strain CCI9 was not
inhibited in Nutrient Broth or LB medium. The
growth rate of strain CCI9 was similar to that of E. coli
MG1655, when cultured in Nutrient Broth or LB
media (Fig. 1A). In Nutrient Broth, the strain CCI9
was capable of growing at temperatures of 10°C to
45°C (Fig. 1B) and at pHs of 4.5 to 10.5 (Fig. 1C), as
well as showed the optimal growth at 30°C and pH
7.0. Moreover, this strain was tolerant to 7.0% (w/v)
NaCl (Fig. 1D). These results suggested that we had
successfully isolated the desired oligotroph.

To determine the taxonomy of strain CCI9, we
determined a draft genome sequence of strain CCI9.
The raw data from the MiSeq yielded 5,879,580 reads
with 218-fold coverage. The assembled genome
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sequence of strain CCI9 consisted of 4,644,734 bp with
a GC content of 56.1%. The 28 contigs in the assembly
yielded the largest contig of 1,348,126 bp, and an N50
contig size of 283,167 bp. Within the genomic DNA of
strain CCI9, 4,154 predicted coding sequences were
identified, along with 83 tRNA genes and 11 rRNA
genes.

As noted by Brady et al. [13, 14], MLSA is useful
for determining the phylogeny of bacterial species.
Therefore, we performed MLSA based on partial
sequences of the atpD, gyrB, infB, and rpoB genes (Fig.
2). The resultant phylogenetic tree confirmed that
strain CCI9 fell within a cluster comprising members
of the genus Enterobacter. The most-closely related
Enterobacter type strain was E. roggenkampii EN-1177
[18], with 99.5% sequence similarity. The genome
completeness values of strain CCI9 and E.
roggenkampii EN-117T were 99.1%. The ANI value
between strain CCI9 and E. roggenkampii EN-117T was
98.6%, which exceeded the cutoff value of 98% for
prokaryotic subspecies delineation [18]. Thus, strain

Time (h)

0-0 1 1 1 1 1 1
4.0 50 6.0 7.0 8.0 9.0 10.011.0

pH

CCI9 was identified as E. roggenkampii CCI9.

The Venn diagram shows 3918 common clusters
of genes that show high similarity between the two E.
roggenkampii strains (Fig. 3). On the other hand, 273
and 236 unique genes were present in the draft
genome sequences of E. roggenkampii EN-117T7 and
CCI9, respectively. Among the eggNOG categories of
both strains (Table 1), three kinds of genes involved in
cell motility class (such as chemotaxis, fimbrial
protein and outer membrane usher protein) were
confirmed in the draft genome of E. roggenkampii
CCI9. The motility properties of E. roggenkampii CCI9
may be different from that of E. roggenkampii EN-117T.

In this study, we described the isolation of strain
CClI9, a bacterium capable of growth in nutrient-poor
medium. After the draft genome sequence of strain
CCI9 was determined, this isolate was identified as E.
roggenkampii CCI9 based on MLSA and ANI value
analysis. The draft genome sequence of E.
roggenkampii CCI9 revealed their metabolic pathways,
which is expected to use for the construction of
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0-0 1 L 1
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Figure 1. Phenotypic characterization of strain CCI9. (A) Growth ability at 37°C of strain CCI9 and Escherichia coli MG1655. The results for strain CCI9 and E. coli
MG1655 are shown as filled and open symbols, respectively. The media are indicated as follows: circles, Nutrient Broth (pH 7.0) and squares, LB media (pH 7.0). The
ODeoo was measured using a Bio Microplate Reader HiTS (Scinics, Tokyo, Japan). (B) Effect of culture temperature on the growth ability of strain CCI9. Strain CCI9
was cultured at pH7.0. (C) Effect of culture pH on the growth ability of strain CCI9. Strain CCI9 was cultured at 30°C. (D) Effect of NaCl concentration on the
growth ability of strain CCI9. Strain CCI9 was cultured at 30°C. Error bars indicate SE (n = 3).
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engineered  derivatives. Indeed, metabolically
engineered Enterobacter strains for the production of
acetoin have been constructed by inactivation of the
by-product pathways [19, 20].

Nucleotide Sequence Accession Number
The draft genome sequence of E. roggenkampii

CCI9 has been deposited in the DDBJ/EMBL/
GenBank databases under accession numbers
BLPJ01000001 to BLPJ01000028. The raw sequence
reads have been deposited in DDBJ under BioProject
number PRJDB9407 and BioSample number
SSUB014344.

Enterobacter kobei ATCC BAA-260T (FTNJ0O0000000)

Lelliottia jeotgali PFLO1T (CP018628)

999)

Lelliottia amnigena NCTC 121247 (LR134135)

Enterobacter soli ATCC BAA-21027 (LXES00000000)

Enterobacter cancerogenus ATCC 332417 (FYBA0O0000000)

904

Kl pneumnoniae ATCC 138837 (JOOWQ1000000)
0.02

Enterobacter huaxiensis 090008T (QZCT00000000)
Enterobacter asburiae ATCC 35953 (CP011863)
Enterobacter mori LMG 257067 (AEXB00000000)
Enterobacter tabaci CCUG 725207 (QZDQ01000000)

1000

Qamr oligotrophicus CCABT (AP019007)
Enterobacter ludwigii EN-118T (JTLO00000000)

Enterobacter hormaechei subsp. hormaechei ATCC 491627 (MKEQO0000000)
Enterobacter bugandensis EB-2477 (FYBI00000000)

Enterobacter chuandaensis 090028™ (QZCS00000000)

Enterobacter cloacae ATCC 130477 (JPPRO0000000)
Enterobacter sichuanensis WCHECL1597T (POVL01000000)
Enterobacter chengduensis WCHECI-C4T (MTSO00000000)

Leliiottia nimipressuralis CIP 1049807 (MKER0O0000000)

Enterobacter roggenkampii EN-1177 (CPO17184)

Strain CCI9 (BLPJ01000001)

Figure 2. Phylogenetic tree constructed from analysis of the sequences of four housekeeping genes (atpD, gyrB, infB, and rpoB) and showing the relationships between
strain CCI9 and the related Enterobacter type strains. The bar indicates a 0.02% nucleotide substitution rate. The tree was rooted using Klebsiella pneumoniae

aeruginosa ATCC 13883T as the outgroup.

Table 1. eggNOG categories of coding proteins from unique genes in E. roggenkampii EN-117T and CCI9

Class Description EN-1177 CCI19
Count Proportion (%) Count Proportion (%)

Information storage and processing

T Translation, ribosomal structure, and biogenesis 5 1.8 1 0.4

A RNA processing and modification 0 0 0 0

K Transcription 16 59 21 8.9

L Replication, recombination, and repair 38 13.9 33 14.0

B Chromatin structure and dynamics 0 0 0 0
Cellular processes and signaling

D Cell cycle control, cell division, chromosome partitioning 0 0 0 0

Y Nuclear structure 0 0 0 0

v Defense mechanisms 6 22 8 34

T Signal transduction mechanisms 1 0.4 6 2.5

M Cell wall/ membrane/envelope biogenesis 12 44 29 123

N Cell motility 0 0 5 21

z Cytoskeleton 0 0 0 0

w Extracellular structures 0 0 0 0

U Intracellular trafficking, secretion, and vesicular transport 3 1.1 4 1.7

O Posttranslational modification, protein turnover, chaperones 7 2.6 3 1.3
Metabolism

C Energy production and conversion 7 2.6 5 21

G Carbohydrate transport and metabolism 16 59 11 47

E Amino acid transport and metabolism 7 2.6 6 2.5

F Nucleotide transport and metabolism 2 0.7 1 0.4

H Coenzyme transport and metabolism 2 0.7 2 0.8

1 Lipid transport and metabolism 2 0.7 2 0.8

P Inorganic ion transport and metabolism 3 1.1 1 0.4

Q Secondary metabolites biosynthesis, transport, and catabolism 1 04 3 1.3
Poorly characterized 0
General function prediction only 0 0 0 0
Function unknown 145 53.1 95 40.3
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EN-1177 ccCi9

273 3918 236

Figure 3. Venn diagram of the shared and unshared genes in E. roggenkampii
EN-117T and CCI9.
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