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Abstract

Emcibacter congregatus ZYL' was isolated from a sediment sample cultured in situ in a coast located in the East China Sea.
The genome of E. congregatus ZYL' was sequenced and assembled into one single circular chromosome with the size of
4,189,011 bp and G+C content of 52.6%. Genomic annotation showed that E. congregatus ZYL" had an intact Type II-C
CRISPR-Cas system consists of three cas genes (cas 9, cas I, and cas 2), 34 direct repeat sequences with the length of 36 bp,
and 33 spacers. The predicted Cas 9 protein was smaller than most of existing genome editing tools. This structure might
have potential in developing new gene editing system and uncovering the regulatory mechanisms of CRISPR-Cas system.
Besides, the comparison between E. congregatus ZYL' and its relative species living in neritic environments unraveled
some common traits of the defective strategies of these bacteria to face inshore challenges including the motility, multidrug

resistance, and universal efflux pumps.

Introduction

The CRISPR-Cas immune system is one of the most signifi-
cant discoveries in modern microbiology. The CRISPR-Cas
modules are present in most archaea (nearly 90%) and many
bacteria (50%) [1] and provide sequence-specific protection
against invading genetic elements including foreign DNA
and RNA [2].

CRISPR-Cas systems have been assigned to two classes,
which are further subdivided into six types and several
subtypes that each possess signature cas genes. Class 1
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CRISPR-Cas systems, including types I, III, and IV, possess
multi-subunit effector complexes comprised of multiple Cas
proteins. For example, all type I CRISPR—Cas systems con-
tain the signature gene cas3, among which the I-E system
of Escherichia coli is most thoroughly characterized. The
cascade of the type I-E CRISPR-Cas system has a molecu-
lar weight of 405 kDa and displays the following composi-
tion: (Cas5e),—(Cas6e),—(Cas7e)s—(Cas8e),—(Caslle), [1].
However, class 2 systems, including types II, V, and VI,
accomplish interference by a single, large effector protein
[3]. Type I systems are most commonly seen in archaeal
genomes (64%), and type III systems are the second com-
monly seen in archaeal genomes (34%) [4]. However, the
most widely used and best studied CRISPR-Cas 9 system
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belongs to types II and is only a small part of bacterial
CRISPR-Cas systems.

Emcibacter congregatus ZYL?', isolated from sediment
cultured in situ in the East China Sea, is an aerobic, rod-
shaped, motile, and non-spore-forming bacterium belonging
to the order Emcibacterales. To date, the order contains only
one family Emcibacteraceae, and this family consists of only
one genus Emcibacter [5]. There are only two species in
this genus, E. nanhaiensis and E. congregatus. They form a
special branch on the phylogenetic tree [6]. Both of the two
species and most of their relative genera were isolated from
neritic zones, including sediment and sea water. Though the
draft genome of E. congregatus ZYLT had been sequenced
[6], no complete genome has hitherto been reported in this
special taxon. In this study, the genome of E. congregatus
ZYLT, which is the first complete genome within the genus
Emcibacter, was sequenced and assembled into one circu-
lar chromosome, providing a basis for exploring ecologi-
cal roles, genetic mechanisms, and application potentials of
strains in genus Emcibacter.

According to the phylogenetic tree of E. congregatus
ZYL! [6], the most related strain of E. congregatus ZYL'
was E. nanhaiensis MCCC 1A06723". To understand the
features of the genome better, we also sequenced the draft
genome of E. nanhaiensis MCCC 1A06723". The other
three representative species were chosen as references,
including Kordiimonas lacus $3-227, K. lipolytica M417,
and Sneathiella glossodoripedis MKT133T. These three
strains had close relationships with E. congregatus ZYLT
on the phylogenetic tree [6]. Besides, they were all isolated
from neritic environments [7-10] just like E. congregatus
ZYLT. We compared the genomes of these species and
showed their universal mechanisms to prevent injuries from
antibiotics and viruses in neritic environments.

Materials and Methods

E. congregatus ZYLT was cultivated in Marine Broth 2216
(MB; BD), at 25 °C for 48 h, while E. nanhaiensis MCCC
1A06723T was cultivated in the same medium at 37 °C for
48 h. The cells were centrifuged at 12,000 rpm for 3 min
at 4 °C. The genomic DNA of E. congregatus ZYLT was
extracted using the high-salt cetyltrimethyl ammonium bro-
mide (CTAB) method [11], while the genomic DNA of E.
nanhaiensis MCCC 1A06723" was extracted using the SDS-
Proteinase K method described by Marmur [12]. Total DNA
of them was quantified by a Qubit Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA), and the quality of
DNAs was controlled by 1% gel electrophoresis.

For E. congregatus ZYLT, the genome was sequenced
using a PacBio RS II platform and Illumina HiSeq 4000 plat-
form with insert length of 270 bp at the Beijing Genomics

Institute (BGI, Shenzhen, China) (Table 1). PacBio librar-
ies and Illumina paired-end libraries were constructed and
sequenced yielding 170 x and 270 X average coverages,
respectively. Draft genomic unitigs were assembled using
the Celera Assembler 8.3 [13]. One circular chromosome
with O gap was constructed finally.

For E. nanhaiensis MCCC 1A06723", paired-end
sequencing was applied and two insert-size libraries (350 bp,
6000 bp) were constructed. A total of 1743 Mb clean data
were generated, representing approximately 436-fold
genomic coverage. De novo assembly was performed using
ABySS v2.0.2 [14], and the contigs shorter than 2 k bp were
removed. The quality of the assembled genome sequence
was checked by CheckM v1.0.7 [15].

Genomes of K. lacus S$3-22", K. lipolytica M41T, and
S. glossodoripedis MKT133T were obtained from DDBJ/
EMBL/GenBank database under accession numbers of
LRUA00000000, LRUB00000000, and BAMS00000000,
and their completeness scores were assessed using CheckM
1.0.7 [15].

The open reading frames (ORFs) were predicted and
annotated with a fully automated annotating service of
Rapid Annotation using Subsystem Technology (RAST)
server online [16]. Classification of predicted genes was
analyzed by blastp with COGs database [17], and the func-
tional annotation of genes and pathways was analyzed by
KEGG databases [18] with KAAS web server (https://www.
genome.jp/tools/kaas/). CDSs with signal peptides and trans-
membrane helices were identified through Signal 5.0 web
server (https://www.cbs.dtu.dk/services/SignalP/) with set
organism group to “Gram-negative bacteria” and TMHMM
web server v.2.0 (https://www.cbs.dtu.dk/servicess TMHMM
/), respectively. Transfer RNA (tRNA) genes were pre-
dicted with tRNAscan-SE 2.0 On-line server (https://lowel
ab.ucsc.edu/tRNAscan-SE/). Ribosome RNAs (rRNA) were
predicted with rRNAmmer 1.2 [19]. We predicted biosyn-
thetic gene clusters of secondary metabolites by using ant-
iSMASH 3.0 web server (https://antismash.secondarym
etabolites.org). And the CRISPR array was predicted with
CRISPRFinder (https://crispr.i2bc.paris-saclay.fr/Server/).
Insertion sequences (IS) was predicted using ISfinder (https
://[www-is.biotoul.fr/) with e-value 0.001. Circular figure
of E. congregatus ZYLT was visualized by using CGView
(https://wishart.biology.ualberta.ca/cgview/).

Results and Discussion

The genome of E. congregatus ZYLT contained one circular
chromosome with size of 4,189,011 bp as well as DNA G+C
contents of 52.6%. It had 49 tRNA genes and 9 operons of
16-23S-5S rRNA genes (Fig. 1 and supplementary material).
The total number of predicted coding sequences (CDS) was
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Table 1 General features of E.

T Items
ongregates ZYL" and MIGS

Descriptions

mandatory information Classification

Domain

Phylum

Class

Order

Family

Genus

Species
General features

Gram strain

Cell shape

Color of colonies

Temperature range (°C) (optimum)
NaCl concentration (w/v) (Optimal)

pH range (optimal)

Observed biotic relationship

Trophic level

Relationship to oxygen
MIGS data

Investigation type

Project name

Latitude and longitude

Depth

Geographical location

Collection date

Environment (biome)

Number of replicons

Estimated size

Source material identifiers

Sequencing method
Assembly data

Assembly method

Genome coverage

Bacteria
Proteobacteria
Alphaproteobacteria
Emcibacterales
Emcibacteraceae
Emcibacter

Emcibacter congregatus

Negative

Rod

Pale yellow

4-30 (25)

0-7% (2%)

6.0-8.5 (7.0
Free-living
Chemoorganotroph
Aerobic

Bacteria_archaea

Genome sequence of E. congregatus ZYLT
29°56'N, 122° 05'E

Not reported

China: East China Sea

2017-11-01

Neritic sediment cultured in situ

1

4,189,011 bp

ZYLT=KCTC 623287 =JCM 32378T=MCCC 1K03526"
PacBio RS II, llumina Hiseq

Celera Assembler v.8.3, Pbdagcon v. MAY-2018, GATK
v.4.0.2.0, SOAPindel v.2

170 x (PacBio RS II), 270 X (Illumina Hiseq)

3862, only 1664 from which could be classified into COG
categories. The major categories of E. congregatus ZYLT
were inorganic ion transport and metabolism (P), amino acid
transport and metabolism (E), and transcription (K) (Fig.
S1). Only 1841 CDS were classified into KEGG categories,
the major pathways were two-component system, ribosome,
purine metabolism, and oxidative phosphorylation. Com-
pared to other references, the quantities and categories of
COGs classified were quite similar (Fig. S1). The summary
of general features and statistics of the genomes of E. con-
gregatus ZYLT and references are listed in Tables 1 and 2.
Among all of the six species, E. congregatus ZYL! was
the only one annotated to encode a CRISPR-Cas system.
Based on the Cas 9 protein and gene structure of E. con-
gregatus ZYLT, we classify its CRISPR-Cas system as the
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Type II-C system. The CRISPR-Cas9 system contained three
cas genes: cas 9 (GenBank accession number MN064751),
cas 1 (GenBank accession number MN064749), and cas 2
(GenBank accession number MN064750). The 3135 bp cas
9 gene, 905 bp cas 1 gene, and 305 bp cas 2 gene interlock
on genome and transcript in the same direction. The down-
stream CRISPR array consisted of 33 spacers. Each spacer
was 30 bp (Table 3). The direct repeat sequence was 5'-GCC
ATAGCTTCCATTCCGACACGGTTATGCTATGAT-3".
In Streptococcus pyogenes SF370, whose type II CRISPR-
Cas 9 adaptive immune system has been repurposed for
mammalian genome engineering as artificial plasmids:
pX330 (U6-chimeric guide RNA + CBh-SpCas9 backbone,
Addgene ID 42230) [20], the cas 9 gene is 4101 bp, encod-
ing 1367 amino acids. However, predicted Cas 9 protein
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Table 2 Comparative genomic Strains 1 5 3 4 5
features of E. congregatus ZYLT
and related strains Contigs 1 19 10 36 12
Size(bp) 4,189,011 3,963,826 4,024,630 4,557,767 3,629,390
DNA G+C content (%) 52.6 56.2 57.2 56.3 46.9
CDSs 3862 3554 3694 4238 3800
CDSs assigned to COGs 1664 1561 1566 1741 1434
CDSs assigned to KEGG 1841 1804 1733 1975 1832
CDSs with signal peptides 757 573 752 821 504
CDSs with trans-membrane helices 897 743 811 932 785
Biosynthetic gene clusters of second- 5 5 5 5 4
ary metabolites
rRNA opron (16-5S-23S rRNA) 9 12 12 9 3
tRNAs 49 43 56 53 43
Insertion sequences (IS) 22 8 71 51 5
Completeness (%) 100 99.07 99.57 100 99.12

Strains: 1. E. congregatus ZYLT; 2. E. nanhaiensis MCCC 1A06723"; 3. K. lacus S3-22"; 4. K. lipolytica
M417; 5. 8. glossodoripedis MKT133T

@ Springer
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Table 3 Spacer sequences of E. congregatus ZYL' predicted by
CRISPRFinder

Spacer numbers Spacer sequences

Spacer 1 TCAAGGGTGGTGACCGGTAGGGCCTCTGTG
Spacer 2 CTGGCCGTTGAAGCAGAACAGCGTGAAGCC
Spacer 3 GGATATGCAATTCTCCGCTTGGAATATCGG
Spacer 4 GATTTTTCATTCCCTTTAAAGCCTTTTTGG
Spacer 5 TGTTCAAGAGTTAAGTTTTGCTCTAACGAA
Spacer 6 TTTAACTCTCTGGATTGGAAAGTCGTTTAT
Spacer 7 TTAATGTTTTCAATGGCAGGGTGTCCCACG
Spacer 8 GTCGATGTGCTTCAGGACAGAATTAAAGAC
Spacer 9 GGCCAATATGCGGATCTGATGCCGAAAGAA
Spacer 10 TGATCATATGCGATTGTTTGAATATGTTCA
Spacer 11 TTTTTTCTTGACAGTATGCCTTATACATTA
Spacer 12 GGTATTACGTCGCGGCTATATCTGGGCCGT
Spacer 13 CGCGTAATCGATAAGGCTTATCGCAAGAGC
Spacer 14 AAAGGAAATATTCGCCGTGCTGGGCTATTA
Spacer 15 ATACAGCAGGGCACAAGTTATAACCGTGGG
Spacer 16 TCCGACCCCTTGAAACCGCAACCGTAAACA
Spacer 17 GATTGCCCGCCCATTTTGACCATCTCGTAG
Spacer 18 TCGGGGTCGTCGCATAACAATCACCATAAT
Spacer 19 TCACGCGGGCGGCGGGGTAATGGACGGCGA
Spacer 20 TGAAAAACTTTGAATATATCTACTATCAAG
Spacer 21 TAAGTGCATATTGTCATGAAGCGTGCGGCC
Spacer 22 GCGGTTTTGATCCGCAGTGCGCGCCGCCGA
Spacer 23 TGTGTTGTTCTTTACAACACACCCTTCACT
Spacer 24 GAAGAAAAGCATGTTTCACATGATCGGCGT
Spacer 25 AGCAATTTATTATATGAGGGGATAAGTAAC
Spacer 26 TATTGACATAATCATTATCATGATATTCTT
Spacer 27 AAAAATAATACATCATTTGATATGTAAAGC
Spacer 28 TTCGCTTTCATACATTTCATAACCAAAACA
Spacer 29 TACACCGGTAAACGAATGTTGCGCCGTCGA
Spacer 30 TGTCTGTAGCATCTGTGACCTTATCCACAA
Spacer 31 CACGAAACGGGAACCCATTTAAACCTCGAC
Spacer 32 AGCCCCACCAGAGAGGTAAACGGTGGACGT
Spacer 33 TGTTATACCGTCCGGGGATGTCATAACTCT

of strain ZYLT only consisted of 1044 amino acids, even
smaller than the new genome editing tool, type-V CRISPR
effector Cas12b (1108 amino acids) [21]. This strain might
have big potential in developing new gene editing systems,
because that smaller Cas proteins will be more efficient
during the process of intracellular delivery via viral vectors
[21]. Furthermore, there were ten predicted genes encoding
hypothetical proteins on the upstream of cas 9 gene (peg.
2549—peg. 2558, location: 2,760,706-2,767,137). Since the
knowledge of the regulation mechanism of CRISPR-Cas9
system in their native hosts is limited [22], we supposed
that these genes could be associated with the regulation of
CRISPR-Cas9 system.

@ Springer

After BLASTp in the nr database, we found that the
genes included in the CRISPR-Cas 9 system of E. con-
gregatus ZYLT all had low similarities to other sequences.
The Cas 9 of E. congregatus ZYLT (peg. 2548) was most
closely related to type II CRISPR RNA-guided endonu-
clease Cas 9 (Alphaproteobacteria bacterium) with 53.5%
identity. The Cas 1 (peg. 2547) was most closely related to
type II CRISPR-associated endonuclease Casl (Alphapro-
teobacteria bacterium CG_4_9_14_3_um_filter_47_13)
with 62.2% identity. And the Cas 2 (peg. 2546) was most
closely related to CRISPR-associated endonuclease Cas2
(Alphaproteobacteria bacterium CG_4_9_14_3_um_fil-
ter_47_13) with 80.2% identity. None of the identities was
higher than 85%, including the most highly conserved Cas
protein, Cas1, which was generally used as a suitable marker
to trace the evolutionary history of CRISPR-Cas [23]. And
the high matches were all uncertain species. Hence, it was
pretty hard to speculate the source of these genes with mul-
tiple sequence alignment. Among the 33 spacers, 6 could
be matched in CRISPR databases [24], whereas the other
27 spacers could not be matched. In addition, the direct
repeat sequence could neither be matched in the database.
Although we could not determine the origin of this CRISPR-
Cas 9 system, we inferred that it was a result of horizontal
gene transfer (HGT), since we cannot find any CRISPR-Cas
9 system in the related species. And the short sequences
might go through fast evolution process under evolutionary
pressure [25] after they was transferred into the genome of
E. congregatus ZYLT.

CRISPR-Cas 9 system is a kind of prokaryotic defense
system, which performs its function through editing the
genome, some researches supposed it might have played a
role in the evolutionary process of genomic composition [1].
In the comparison of E. congregatus ZYLT and four relative
species, we found that it only had one gene which encodes
the predicted restriction endonuclease (COG 3183), whereas
other four species had more genes encode restriction endo-
nuclease: 2 in E. nanhaiensis MCCC 1A06723T (COG
0732, COG 4096), 3 in K. lacus S$3-22T (COG 1002, COG
1403, COG 3587), 4 in K. lipolytica M41T (COG 1403),
and 2 in S. glossodoripedis MKT133T (COG 0732, COG
0496). We speculated that this might be an effect of keeping
a CRISPR-Cas 9 system in genome. With the great power
of CRISPR-Cas 9 system, strain E. congregatus ZYL" needs
fewer varieties and quantities of restriction endonuclease to
prevent infection by other mobile genetic elements (MGEs).
We hope to verify this hypothesis in subsequent studies.

Based on its special systematic status, E. congregatus
ZYL' might have the potential to help us to understand
the spread and evolution of CRISPR-Cas system in marine
bacterial strains and also might be a valuable material for
developing new gene editing systems.
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Nucleotide Sequence Accession Number

The complete genome sequence of E. congregatus ZYLT
and E. nanhaiensis MCCC 1A06723" was deposited in
DDBIJ/EMBIJ/GenBank under the accession number
CP041025 and VFIY00000000, respectively.

The genes cas 1, cas 2, and cas 9 in E. congregatus
ZYL" were deposited in DDBJ/EMBJ/GenBank under
the accession number MN064749, MN064750, and
MNO064751, respectively.
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