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ABSTRACT

Serratia is a genus of gram-negative bacteria, widespread in nature, important in
agricultural, medical and industrial scenarios. Isolates from this taxon exhibits very
diverse biological functions such as plant-associated (endophytes, plant growth-
promoters, rhizobacteria, phytopathogens), insect-associated (endosymbionts,
entomopathogens), fungus-associated (symbionts) and human pathogens. These different
lifestyles are determined by the genetic information that each strain carries. The current
DNA sequencing technologies provide us data to investigate this variation through
genomic studies. Therefore, the aim of this work was to study the Serratia genus using
genomic approaches. The biological control agent Serratia marcescens strain N4-5 was
sequenced, the nucleotide sequences were assembled into the whole genome and
annotated. The N4-5 genome comprises a singular chromosome of 5,074,473 bp, with
59.7% GC content and a naturally occurring plasmid. Both sequences were deposited in
GenBank database under the accession numbers CP031315 and CP031316. From this
newly sequenced genome, in silico comparisons of all other Serratia complete genomes
available in GenBank were performed. Firstly, a taxonomical review of the Serratia genus
was conducted based on multi-criteria, namely dDDH, ANI, 16S identity, phylogenetic
trees of seven housekeeping genes individually and concatenated (MLSA), as well as
phylogenomic tree with whole genomes. These analysis uncovered two
misidentifications, supported a recent proposal of a novel Serratia species, confirmed the
taxonomic placement of most strains and revealed that many Serratia genomes that are
publicly deposited in GenBank are classified incorrectly. These organisms were correctly
renamed and the two genomes erroneously identified as Serratia were excluded from the
analyses. From these ascertained genomes, an updated pan-, core- and accessory-
genomes were constructed. Analysis revealed an open pan-genome and 546 core genes.
Descriptions of Serratia spp. genetic organization and presence of secretion systems,
secondary metabolites biosynthetic gene clusters, chitinase genes and CRISPR arrays
revealed no correlation between genome relatedness and these traits. Analysis of these
genomic features evidenced that they are not related with the phenotypes/lifestyles
exhibited by Serratia spp. strains. Beyond the new information provided on the plant-
beneficial strain S. marcescens N4-5, altogether these results provide better understanding
of Serratia at the genus level.

Keywords: Biological control of plant diseases. Serratia marcescens. Complete genome
sequence. Genus-wide comparisons. Secondary metabolites. Secretion systems. CRISPR.
Chitinases.



RESUMO

Serratia é um género de bactérias gram-negativas, bem difundido na natureza, importante
em cenarios agricolas, médicos e industriais. Isolados desse taxon apresentam funcdes
biolégicas muito diversas, como por exemplo associados a plantas (endofiticos,
promotores de crescimento, rhizobacterias, fitopatdgenos), associados a insetos
(endosimbiontes, entomopatogénicos), associados a fungos (simbiontes) e patégenos
humanos. Esses diferentes estilos de vida sdo determinados pela informacao genética que
cada isolado carrega. As tecnologias de sequenciamento de DNA atuais proporcionam
dados para investigar essa variacdo atraveés de estudos gendémicos. Assim, o objetivo desse
trabalho foi estudar o género Serratia usando analises genémicas. O agente de controle
bioldgico Serratia marcescens isolado N4-5 foi sequenciado, suas sequencias de
nucleotideos foram reunidas e o genoma completo foi obtido, e por sua vez, anotado. O
genoma da N4-5 compreende um Unico cromossomo com 5,074,473 bp com 59% de
contetdo GC e um plasmidio com 11,089 bp. Ambas sequencias foram depositadas no
banco de dados GenBank sob os numeros de acesso CP031315 and CP031316. A partir
desse novo genoma sequenciado, foram feitas comparagdes in silico de todos os outros
genomas completos de Serratia disponiveis no GenBank. Primeiramente, uma revisdo
taxondmica do género Serratia foi realizada baseada em multicritérios, sendo eles dDDH,
ANI, identidade de 16S, arvores filogenéticas de sete genes housekeeping individuais e
concatenados (MLSA), bem como, arvore filogenémica com genomas completos. Essas
analises revelaram dois erros de identificacdo, confirmou a posicdo taxondmica da
maioria dos isolados e revelou que muitos dos genomas de Serratia que estdo
publicamente depositadas no GenBank estdo nomeadas incorretamente. Esses
organismos foram corretamente renomeados e o0s dois genomas identificados
erroneamente como Serratia foram excluidos das analises. A partir desse grupo de
genomas corrigidos, foram construidos pan- e core-genoma atualizados. A anlise revelou
um pan-genoma aberto e 546 genes conservados. Descri¢des da organizacdo genética e
presenca de sistemas de secrecdo, cluster de genes biossintéticos de metabdlitos
secundarios, genes da quitinase e arranjos CRISPR em Serratia spp. revelaram a falta de
correlacdo entre similaridade de genomas e esses atributos. Analises dessas caracteristicas
genbmicas evidenciaram gue elas ndo estdo relacionadas com os fenotipos/estilos de vida
exibidos pelos isolados de Serratia spp. Além das novas informacdes fornecidas sobre a
cepa benéfica para plantas, S. marcescens N4-5, ao todo, esses resultados fornecem uma
melhor compreensédo de Serratia ao nivel do género.

Palavras-chave: Controle biolégico de doencas de plantas. Serratia marcescens.
Sequéncia completa do genoma. Comparagfes em todo o género. Metabolitos
secundarios. Sistemas de secre¢do. CRISPR. Quitinases.
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FIRST PART



1 INTRODUCTION

Serratia are gram-negative bacteria widespread in the environment. These rod-
shaped microorganisms can be found in water, soil, air, animals and plants. Serratia spp.
isolates may be pathogenic to humans, insects and plants but also promote plant growth
and act as biocontrol agents. Some strains are able to synthesize a pigment called
prodigiosin. This molecule has potential to be used in medicinal and agricultural
applications as it can destroy cancer cells and is also able to inhibit microorganisms.
Moreover, Serratia spp. are able to synthesize and secrete other molecules with
agricultural importance, such as chitinases, antibiotics, toxins, effectors, among others.

Plant-beneficial strains of the species S. marcescens, S. plymuthica, S. fonticola
and S. proteamaculans have shown potential uses in experimental systems, but are not
yet exploited in agriculture. Their role as biocontrol agents has been demonstrated
through seed treatment, in vitro assays and application of cell suspensions, extracts and
metabolites. Furthermore, their capacity to colonize plants provides benefits to its host by
increasing the availability of nutrients through siderophores and nitrogen fixation,
induction of defense mechanisms against pathogens and/or by direct antagonism towards
pathogenic microorganisms. The ability to produce and secrete antimicrobial compounds
as well as their ability to associate with plants is intrinsically related to their genetic
characteristics. Interestingly, there is a large variation of phenotypes exhibited by
different strains within the same Serratia species. These differences were explored in this
study.

Due to the great advancements of sequencing technologies, numerous organisms
are being sequenced and the amount of information is rising vertiginously. For instance,
the amount of whole genome shotgun (WGS) sequences available in GenBank, one of the
three primary databases, doubled from 2016 to 2018. The use and development of
computational tools has been employed to explore these new genomic data. However,
arranging the complete nucleotide sequence of the genome is only the beginning of
genomics. Once the assembly is completely done, the generated sequence will be used
for structural and functional genomics studies, as well as in comparative genomics among
other organisms of interest. Therefore, the deposit of newly assembled genomes brings a
responsibility with it once the assembly quality affects the results obtained in every
research that uses this genome sequence. It also affects the constructions of updated pan-
and core- genomes, frequently used to comprehend the diversity and evolution of the

genus under study.



Many genetic characteristics in bacteria were acquired through horizontal gene
transfer, which form syntenic blocks recognized as genomic islands. Therefore, studying
bacterial genetic-related traits is a complex task and the employment of bioinformatics
tools is an alternative way to answer some of these biological questions and generate new
information. In spite of the wide applicability of these in silico tools, in vivo assays are
not dispensable. For example, although plant growth promotion by Serratia is mediated
by genetic information, the study of the genes involved in this interaction is only possible
thanks to the employment of molecular techniques combined with in silico analyses.
Therefore, these in silico studies along with in vivo assays provide a more complete and
accurate way to understand selected characteristics of the organisms under study. In this
study, genomics tools were used to understand some traits of the genus Serratia. In the
first chapter, the genome of the biological control agent, S. marcescens strain N4-5, was
sequenced, assembled and annotated. This new and complete genome sequence enabled
to gain novel insights on the N4-5 strain and to uncover an assembly artefact in the N4-5
genome and in other 48 Serratia spp. complete genomes. In the second chapter, all the
Serratia complete genome sequences available were gathered into a genus-wide
comparative analysis. Several bioinformatics approaches were employed to study
Serratia taxonomy, pan-genome, genetic organization of secretion systems, distribution
of secondary metabolites biosynthetic gene clusters and the presence of other

advantageous features, such as chitinases and CRISPR arrays.
2 LITERATURE REVIEW
2.1 Overview on Serratia

The gram-negative bacteria in the genus Serratia are members of the
Enterobacteriaceae family (GRIMONT; GRIMONT, 1984). The genus Serratia is
consistently different from Escherichia, Shigella, Salmonella, Citrobacter, Klebsiella,
and Enterobacter, as shown by phylogenetic studies, physical properties, aminoacid
sequence analyses and biochemical tests (GRIMONT et al., 1978a).

Currently 17 species of Serratia are recognized within the genus. These species
are: S. aquatilis (KAMPFER; GLAESER, 2016), S. entomophila (GRIMONT et al.,
1988), S. ficaria (GRIMONT et al., 1979), S. fonticola (GAVINI et al., 1979; GEIGER
et al., 2010), S. grimesii (GRIMONT et al., 1982), S. liquefaciens (BASCOMB et al.,
1971), S. marcescens (B1Z10, 1823; DE TONI; TREVISAN, 1889), S. myotis (GARCIA-



FRAILE et al., 2015), S. nematodiphila (ZHANG et al., 2009), S. odorifera (GRIMONT
et al., 1978), S. plymuthica (BREED et al., 1948; LEHMANN; NEUMANN, 1896), S.
proteamaculans (GRIMONT et al., 1978b; PAINE; STANSFIELD, 1919), S.
quinivorans (ASHELFORD et al., 2002; GRIMONT et al., 1983), S. rubidaea (EWING
etal., 1973; STAPP, 1940), S. symbiotica (MORAN et al., 2005; SABRI et al., 2011), S.
ureilytica (BHADRA et al., 2005) and S. vespertilionis (GARCIA-FRAILE et al., 2015).

These rod-shaped bacteria are found in several ecological niches, such as: soil
(GIRI et al., 2004; KAMENSKY et al., 2003; LAVANIA; NAUTIYAL, 2013), water
(GAVINI et al., 1979; HENRIQUES et al., 2013; KAMPFER; GLAESER, 2016), air
(BENCINI et al., 2008), plants (LIM et al., 2015; AFZAL et al., 2017; ZAHEER et al.,
2016), animals (ABEBE-AKELE et al., 2015; GARCIA-FRAILE et al., 2015; GERC et
al., 2012; FLYG; XANTHOPOULOS, 2017; VICENTE et al., 2016) and human beings
(BONNIN et al., 2015; ROY et al., 2014). Naturally occurring strains of Serratia may be
pathogenic or non-pathogenic to animals, plants and humans.

There are 523 Serratia spp. genomes sequenced available in the GenBank
database, from which only 62 are complete sequences (BENSON et al., 2005). These
Serratia genomes are represented by S. marcescens (407 genome assemblies); S.
plymuthica (15), S. fonticola (10), S. symbiotica (6), S. nematodiphila (6), S. liquefaciens
(8), S. odorifera (2), S. proteamaculans (2), S. ficaria (2), S. rubidaea (4), S. grimesii (3),
S. ureilytica (2), S. oryzae (1) and Serratia sp. (55). Serratia marcescens accounts for
77.8% of all Serratia genomes sequenced. The species S. aquatilis, S. entomophila, S.
glossinae, S. grimesii, S. myotis, S. nematodiphila, S. odorifera, S. oryzae and S.
quinovorans do not have sequenced genomes or only draft genomes available, i.e. at the
contigs or scaffolds level. The amount of whole genome sequences in Serratia taxa do
not cover 100% of its species, however it is enough for comparative genomic studies such
the ones presented by Abebe-Akele et al (2015), Manzano-Marin et al (2012), Li et al
(2015) and the present study.

2.2 Plant-beneficial properties of Serratia spp.

Non-pathogenic bacteria associated with plants play critical roles in plant
development and in its interaction with other microorganisms (FINKEL et al., 2017). The
way bacteria alter plant phenotypes and its microbiome can be through the biocontrol of
pathogens (by antibiosis, competition, predation, plant growth promotion and/or

induction of plant defense mechanisms), enhancing nutrient uptake (by phosphate



solubilization, nitrogen fixation, siderophores production, etc), providing tolerance to
(a)biotic stresses, hormone production, among other mechanisms (BETTIOL, 1991,
MENDES et al., 2013; ROMEIRO, 2007). Past research indicates that Serratia spp. have

multiple ways of benefiting plants, which are highlighted below.
2.2.1 Plant colonization and growth promotion by Serratia spp.

Plant colonizing bacteria can be found in the rhizosphere (as free microorganisms,
attracted by root exudates), or inside plant tissues as endophytes (LUGTENBERG;
DEKKERS; BLOEMBERG, 2001). Endophytic bacteria are those that live symbiotically
in the interior of the host plant without causing apparent damage (HALLMANN et al.,
1997), or are not phytopathogenic in part of their life cycle (WILSON, 1995). Unlike
fungi, bacteria enter plant tissues passively through wounds, hydathodes, nectaries,
stomata, lenticels, emergence of lateral roots and radicles in germination (GAGNE et al.,
1987; HALLMANN et al., 1997; HUANG, 1986; ROOS; HATTINGH, 1983; SCOTT et
al., 1996). Interestingly, most of the endophytic bacteria come from the rhizospheric
environment (COMPANT et al., 2005; HARDOIM et al., 2008). The rhizosphere is a
highly competitive environment for microorganisms to settle and to utilize nutrients.
Therefore, the organisms that are highly effective in colonizing plant tissues and
obtaining nutrients, either phytopathogenic or potentially beneficial, will proliferate and
perhaps have an outcome on plant growth and development (HAAS; KEEL, 2003). To
colonize the plant tissues internally, bacterial endophytes are thought to possess specific
genomic traits when compared to the bacteria from the rhizosphere, although definitive
genes related with the endophytic behavior have not been identified yet (SANTOYO et
al., 2016). In 2014, Ali et al utilized a bioinformatics approach to predict genes
responsible for bacterial endophytic lifestyle. They identified 40 bacterial genes with the
highest probability of being involved in endophytic colonization, however, this result still
awaits to be tested and confirmed experimentally.

Initially, endophytic microorganisms were considered neutral with regard to their
effects on host plants, however, their positive impact have been verified in a broad range
of crops (RYAN et al., 2008). These microorganisms may contribute directly to plant
growth by enhancing nutrient uptake and the production of phytohormones and
siderophores (JUNG et al., 2015; KIM et al., 2011; SHISHIDO et al., 1999). Indirectly,
they may also reduce microbial populations that are harmful to the plant, acting as agents

of biological control through competition, antibiosis or systemic resistance induction



(RAMAMOORTHY etal., 2001; STURZ et al., 2000). Species of Serratia feature several
of these mechanisms. For example, a S. marcescens isolated from citrus rhizosphere not
only promoted citrus growth but also suppressed Phytophthora parasitica by more than
50% (QUEIROZ; MELO, 2006). Serratia plymuthica isolated from rapeseed roots
manifested the ability to promote rapeseed growth, to control soil-borne fungal
pathogens, such as Verticillium dahlia and Rhizoctonia solani and to enhance oilseed
production (ALSTROM, 2001; NEUPANE et al., 2012a, 2012b). Cucumber seeds treated
with S. marcescens strain 90-166 and Pseudomonas putida strain 89B-27 decreased the
incidence of bacterial wilt disease (KLOEPPER et al., 1993), reduced the number of
cucumber mosaic virus-infected plants (CMV) and delayed the development of symptoms
in cucumber and tomato (RAUPACH et al., 1996). Also, the same strains of S.
marcescens and P. putida induced systemic resistance in cucumber against bacterial
angular leaf (LIU; KLOEPPER; TUZUN, 1995a), against fusarium wilt and fusiform rust
in loblolly pine (LIU; KLOEPPER; TUZUN, 1995b; ENEBAK; CAREY, 2000).
Similarly, S. plymuthica isolated from pumpkin anthosphere showed strong biocontrol
activity against Didymella bryoniae, the causal agent of black rot in pumpkins, and also
enhanced germination rate and controlled damping-off diseases when applied as seed
treatment (FURNKRANZ et al., 2012; MULLER et al., 2013).

The endophytic S. marcescens strain AL2-16 enhances the growth of Achyranthes
aspera L., amedicinal plant (DEVI et al., 2017). Likewise, Serratia marcescens has been
described to be an important endophyte in rice (GYANESHWAR et al., 2001), root and
stem of sweet corn and cotton (MCINROY; KLOEPPER, 1994). Later, endophytic
colonization and in planta nitrogen fixation by a diazotrophic Serratia sp. in rice was
demonstrated by Sandhiya et al (2005). Selvakumar et al (2008) reported the promotion
of plant growth and its tolerance to cold by S. marcescens strain SRM isolated from
flowers of summer squash (Cucurbita pepo). Lavania et al. (2006) first reported the
growth promotion and biological control activity of phenolic compounds from S.
marcescens NBRI11213 against Phytophthora nicotianae. Other Serratia species have
been reported to enhance plant growth as well, namely S. fonticola, S. proteamaculans
and S. liquefaciens (JUNG et al., 2017; TAGHAVI et al., 2009; ZHANG et al., 1996).

2.2.2 Secretion systems

According to Green and Mecsas (2016) protein secretion is an essential cell

function in prokaryotes that transports “proteins from the cytoplasm into other



compartments of the cell, the environment, and/or other bacteria or eukaryotic cells”. The
proteins secreted by bacteria play a key role in cell detoxification and in intra- and inter-
specific interactions (ABBY et al., 2016; RUHE et al., 2013; VIPREY et al., 1998). The
process of secreting bacterial compounds occurs via cellular apparatuses called secretion
systems (SSs) and, for each role cited above, a specific SS is required (BLEVES et al.,
2010; CHANG et al., 2014; DALBEY; KUHN, 2012). Therefore, studying the secreted
proteins as well as their secretion systems is essential to understand bacterial interactions
with hosts and adjacent organisms (GERLACH; HENSEL, 2007).

There are several SSs types, however this review will cover only types IlI, IV and
VI. The type 111 secretion system (T3SS) is involved in the transportation of bacterial cell
proteins directly into the cytoplasm of the host cell through a complex secretory apparatus
that crosses the inner and outer membrane of the bacterial cell (HECK, 1998). The T3SS
apparatus features four structures: the cytosol platform, the export apparatus and the
needle complex, which is the envelope-spanning basal body plus the extracellular needle
(BURKINSHAW,; STRYNADKA, 2014; GALAN et al., 2014). According to Hueck
(1998), T3SS allows gram-negative bacteria to introduce toxic proteins into the cytoplasm
of eukaryotic host cells. The bacterial type IV secretion system (T4SS) is involved in the
conjugative and noncontact-dependent transfer of DNA (HAMILTON et al., 2005;
WARD et al., 1988) and it mediates the transport of macromolecules, including effectors,
through the cell lining of gram-negative and positive bacteria (BYNDLOSS et al., 2016;
CASCALES; CHRISTIE, 2003; GROHMANN et al., 2003). The type VI secretion
system (T6SS) is involved in pathogenesis and inter-bacterial competition as it delivers
toxins into prokaryotic and eukaryotic cells (MOUGOUS et al., 2006; PUKATZKI et al.,
2006). The first such “antibacterial” SS was described by Hood et al in 2010 in
Pseudomonas aeruginosa and, shortly after, in other bacterial species, including Vibrio
cholerae, Burkholderia thailandensis and Serratia marcescens (MACINTYRE et al.,
2010; MURDOCH et al., 2011; SCHWARZ et al., 2010). T6SSs kill adjacent, non-
immune bacterial cells by secreting toxins directly into the periplasm of the target cells
by contact (ENGLISH et al.,, 2012; HOOD et al., 2010; RUSSELL et al., 2011).
Antibacterial T6SSs secrete a broad spectrum of antibacterial substances and play a key
role in survival and prospection of bacteria in an environment with multiple organisms
(DURAND et al., 2014). In Serratia marcescens, the antibacterial activity of the small-
secreted protein Ssp4 (and previously Sspl and 2) is dependent on T6SS (FRITSCH et

al., 2013). Moreover, S. marcescens utilize T6SS to target bacterial competitors, such as



Enterobacter cloacae (MURDOCH et al., 2011). In short, secretion systems are essential
for bacterial survival and evolution.

There are several public webservers and downloadable applications that identify
components, clusters of components, or complete (eventually scattered) bacterial protein
secretion system, such as MacSyFinder and T346HUNTER (ABBY et al., 2014;
MARTINEZ-GARCIA et al., 2015), and also the secreted substances, such as SignalP
and SecretomeP (BENDTSEN et al., 2004; BENDTSEN et al., 2005; NIELSEN, 2017).

2.2.3 Secondary metabolites

Bacterial secondary metabolites are non-essential compounds naturally produced
that are useful for survival in nature (DEMAIN; FANG, 2000). Among these natural
products, the antibiotics are key metabolites for microbe competition but also carry
industrial and agricultural interests. Serratia spp. synthesize a number of antibiotics, such
as prodigiosin (C2H2sN3O - 2-methyl-3-amyl-6-methoxyprodigiosene), a linear
tripyrrole red pigment bioactive secondary metabolite (RAPOPORT; HOLDEN, 1962).
Serratia marcescens is the major producer of prodigiosin, however this pigment is also
produced by other bacteria, such as Alteromonas rubra (GERBER; GAUTHIER, 1979),
Hahella chejuensi (KIM et al., 2007), Pseudoalteromonas denitrificans (KAWAUCHI et
al., 1997), P. rubra (FEHER et al., 2008), Pseudomonas magnesiorubra (GHANDI et al.,
1976), Pseudovibrio denitrificans (GUZMAN et al., 2007), Serratia plymuthica (LEE et
al.,, 2011), Streptomyces coelicolor (TSAO et al., 1985), Vibrio psychroerythreus
(D’AOUST; GERBER, 1974), V. gazogenes (ALIHOSSEINI et al., 2008) and
Zooshikella rubidus (LEE et al., 2011). Prodigiosin has recently received renewed
attention due its antialgal, antibacterial, antifungal, antimalarial, antiprotozoal,
anticancer, immunosuppressive, antiproliferative, nematicidal and UV-protective
activities (BORIC et al., 2011; EL-BONDKLY et al., 2012; LEE et al., 2011;
MONTANER; PEREZ-THOMAS, 2001; PARK et al., 2012; PATIL et al., 2011,
RAHUL et al., 2014; SOTO-CERRATO et al., 2004; SURYAWANSHI et al., 2015).
Moreover, its insecticidal activity, larvicidal and pupaecidal potential against Aedes
aegypti and Anopheles stephensi was also reported (PATIL et al., 2011; WANG et al.,
2012). The production of prodigiosin has been shown to be influenced by many factors,
such as species and environmental factors, including inorganic phosphate availability,
dissolved oxygen level, light, media composition, temperature, pH and incubation time
(SOLE et al., 1997; SLATER et al., 2003; RYAZANTSEVA et al., 2012; WANG et al.,



2012; WILLIAMS et al., 1971; WITNEY et al., 1977). In Serratia sp., the prodigiosin
biosynthesis gene cluster (pig cluster) is encoded by 14 genes and its genomic context as
well as the biosynthesis pathway has been already described (CERDENO et al., 2001;
HARRIS et al., 2004).

Besides prodigiosin, Serratia spp. synthesize other antibiotics such as pyrrolnitrin
(KALBE et al., 1996; LEVENFORS et al., 2004), althiomycin (GERC et al., 2012),
zeamine (HOUDT et al., 2005; HOUDT et al., 2014; MASSCHELEIN et al., 2013),
carbapenem (PARKER et al., 1982; THOSON et al., 2000), among others.

2.2.4 Chitinolytic properties

Antagonism to fungal plant pathogens by microorganisms, specifically by the
production of chitinases, plays a major role in biological control of diseases (CHERNIN
et al.,, 1996; DAVISON, 1988). Chitin is the second most abundant renewable
carbohydrate polymer in nature after cellulose and possibly the most abundant in marine
environments (BANSODE; BAJEKAL, 2006). Chitinases hydrolyze chitin, an insoluble
-1,4-linked unbranched polymer of N-acetylglucosamine and a major fungal cell wall
component, to oligomers, mainly dimers. Ordentlich et al (1988) showed the degradation
of Sclerotium rolfsii hyphae by a chitinolytic filtrate obtained from a S. marcescens
culture. This enzyme also exhibited antifungal activity against Rhizoctonia solani,
Bipolaris sp., Alternaria raphani, Alternaria brassicicola, revealing a potential industrial
application (ZAREI et al., 2011). Kobayashi et al (1995) pointed out that the growth
suppression of Magnaporthe poae by S. marcescens 9M5 was through the secretion of
chitinase. In addition to this, chitinase from S. marcescens JPP1 has antagonistic activity
against aflatoxins (WANG; YAN; CAO, 2014).

Serratia marcescens is a great source of chitinase (LAMINE; LAMINE, 2012).
This species was found to be the most active organism among 100 tested for the
production of chitinase (MONREAL; REESE, 1969). Chitin-supplemented foliar
application of S. marcescens GPS 5 improves control of late leaf spot disease of
groundnut by activating defense-related enzymes (KISHORE; PANDE; PODILE, 2005).
Likewise, application of S. marcescens effectively reduced mycelial growth of
Rhizoctonia solani, the causal agent of the rice sheath blight (SOMEYA et al., 2005).
Kalbe et al (1996) showed that Serratia liquefaciens, S. plymuthica and S. rubidaea
produce antifungal compounds such as prodigiosin, pyrrolnitrin, chitinases and B-1-3-

glucanases and also indirect by the secretion of siderophores.



10

2.3 From DNA sequencing to genomics

In 1975, Frederich Sanger described a new technology to determine DNA
nucleotide sequences (SANGER; 1975; SANGER; COULSON; 1975). The Sanger
method revolutionized molecular biology studies and initiated the genomic era. This
period was characterized by countless technical advances, mainly due the automation of
sequencing processes and the structuring of new equipment and sequencing techniques
(HEATHER; CHAIN; 2016). A new technique, not based on the Sanger method, for
sequencing DNA segments was presented by the company 454 Life Sciences (acquired
by Roche later) in 2002. The 454 sequencing platform consists on the parallelization of
sequencing, using nanotechnology and a pyrosequencing methodology (FAKHRAI-RAD
et al., 2002; RONAGHI, 2001). The main advantage was the high amount of sequences
generated without the need for cloning the DNA fragments prior to sequencing
(RONAGHI et al., 1996; 1998; ROTHBERG; LEAMON; 2008). Soon thereafter, new
technologies emerged, called ultra-high performance parallel mass sequencing systems,
or ultra-high throughput sequencing (JU et al., 2006; WOLD; MEYERS, 2008). Since
2006, Illumina Inc. has made available a new technology, capable of generating about
100 million reads-per-run segments. Although Roche sequencing technology could
produce longer reading segments, the Illumina platform allows deeper coverage and
greater accuracy at the same cost (LUO et al., 2012). Other technologies, such as Applied
Biosystems SOLiID were made available in the period, and newer technologies, such as
lonTorrent and PacBio, began to reach large-scale sequencing capabilities (HEATHER,;
CHAIN; 2016; QUAIL et al., 2012). As a result of these advances, the number of
sequenced genomes increases exponentially. To illustrate, the number of bases available
in GenBank doubles approximately every 18 months (NATIONAL CENTER FOR
BIOTECHNOLOGY INFORMATION - NCBI; 2018).

Bacterial taxonomic studies have been greatly impacted by the increasing number
of sequenced genomes as well as by the parallel development of computational tools to
assess relatedness between whole genome sequences. For instance, Auch et al (2010)
developed a digital method for genome-genome comparisons - as an alternative to the
wet-lab DNA-DNA hybridization (DDH) method - and it is known as in silico DDH
(dDDH). Likewise, the similarity between genomes can be calculated using the Average
Nucleotide and Amino acid Identity (ANI/AAI) formulas (KONSTANTINIDIS;
TIEDJE; 2005a; 2005b). These in silico genome-based methods for species delineation
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are equally or more precise than other molecular approaches such as 16S gene sequencing
analysis, and less tedious than in vivo methods (ARAHAL, 2014; GALPERIN;
KOLKER; 2006; KONSTANTINIDIS; TIEDJE; 2005a; 2005b; ROSSELLO-MORA,
AMANN, 2015). Consequently, taxonomic reviews, reclassification proposals and
misidentifications are being uncovered by analyses based on these whole genome metrics
(COUTINHO et al., 2016; FERREIRA et al., 2017; SAFNI et al., 2014). Besides
taxonomy, functional genomics and comparative genome analysis have provided great
findings into understanding the genetic information comprised in organisms (IGUCHI et
al., 2014; MANZANO-MARIN et al., 2012; MITTER et al., 2013; WANG et al., 2017).
All these studies mentioned above are feasible if whole genome sequences are available
and assembled (EKBLOM; WOLF, 2014). The union of millions of WGS sequencing
reads into a linear nucleotide genomic sequence is realized through thorough genome

assemblies’ methods, reviewed next.
2.3.1 Bacterial genome assembly and annotation

As stated previously, the development of new technologies capable of performing
large-scale DNA sequencing have boosted the field of genomics, which is another way
of studying microorganisms (GOODWIN et al., 2016). The employment of
bioinformatics along with the "OMICS" sciences revolutionized biological research.
However, even though these technologies yield millions of sequencing fragments, the
assembly of these reads into full-length chromosomes is a challenge (BRADNAM et al.,
2013; POP, 2009; SALZBERG et al., 2012).

Genome assembly consists in a set of procedures that aim to arrange a large
number of DNA sequences (reads) in a linear form, in order to represent the genome of
the studied organism (FLICEK; BIRNEY, 2009; NAGARAJAN; POP, 2013; POP,
2009). These procedures convert millions of reads into contigs and then into scaffolds.
According to Yandell and Ence (2012) “contigs are contiguous consensus sequences that
are derived from collections of overlapping reads and scaffolds are ordered and orientated
sets of contigs”. In prokaryotes, the genome assembly can be done in two different ways:
one is the reference-guided genome assembly as it uses existing information from a
genome that is already fully assembled; the other is the de novo or “ab initio”” assembly,
which is performed from scratch without any references and thus reduces bias in the
genome (POP, 2009). The de novo approach is only possible due to the development of
assemblers and increasingly accurate assembly algorithms (MEDVEDEYV et al., 2007,
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MYERS, 1995). Also, the de novo approach can be employed to reconstruct regions of
the sequenced genome that are significantly different or inexistent in the reference, e.g.
large insertions (POP, 2009). The current de novo assemblers available use the following
algorithms: overlay-layout-consensus (OLC), de Brujin graph, string graph, greedy and
hybrid algorithms (KHAN et al., 2018; MILLER et al., 2010). These algorithms have
distinct performances on different data sets. For example, the OLC algorithm is most
suitable for short sequences of small genomes whereas for large data sets of short reads
the de Bruijn graph is more appropriate (LI et al., 2012; ZHANG et al., 2011). To choose
the appropriate assembler, in addition to the sequencing platform used and read length,
the type of reads generated should also be considered, i.e., if they are paired-end, mated-
pair, single, long and/or short reads (BAKER; 2012; KHAN et al., 2018). For instance,
assemblers based on de Brujin graph are the best options for paired-end and single-end
data sets from prokaryotic genomes, in terms of memory use, time and accuracy (KHAN
et al., 2018). Choosing the right assembler and converting reads into contigs are very
early steps within the genome assembly pipeline (BAKER; 2012). By the end of this
process, complete genome sequences (one scaffold per chromosome) or draft genomes
(more than one scaffold per chromosome) are obtained and ready to be annotated.
Genome annotation is the process of identifying and labelling all the genomic
features in a nucleotide genome sequence (RICHARDSON; WATSON, 2013). Functional
and structural annotation include the prediction of coding sequences (CDS) and their
putative products (YANDELL; ENCE, 2012). It can be done manually and/or by
automated annotation tools such as Prokka (SEEMANN; 2014), RAST (AZIZ et al.,
2008), KAAS (MORIYA et al.,, 2007), among others. Manual annotation is time
consuming and a tedious process whereas automatic pipelines are simpler and faster, at
the same time, they can produce/propagate poor annotations and errors and manual
curation is desirable (RICHARDSON; WATSON, 2013). Therefore, high-quality
annotations rely on the adoption of manual curation by the scientist and also on the
genome assembly quality. As a result, each assembled and annotated genome will affect
every study that includes this genome thus genome assembly and annotation should be

rigorously done.
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Abstract

Serratia marcescens are gram-negative bacteria found in several environmental niches, including
plant rhizosphere and hospitals. Here we present the genome of Serratia marcescens strain N4-5
(=NRRL B-65519) isolated from New Jersey (USA) soil. N4-5 is a non-pathogen powerful
biological control agent as its use as seed treatment is a successful method to control seed and
seedling disease of cucurbits caused by the soil-borne plant pathogen Pythium ultimum. This
strain represents the third strain of this species with plant-beneficial properties with a complete
genome sequence. The genome size of S. marcescens N4-5 is 5,074,473 bp (664-fold coverage)
and contains 4,840 protein coding genes, 21 RNA genes, and an average G+C content 59.7 %.
We present the genome and discuss the presence of genes of interest for direct and indirect
biocontrol acitivity against plant pathogens, such as production of prodiogiosin, chitinases and
siderophores. Our genome assembly also uncovered an artifact present in other 48 Serratia spp.

complete genomes deposited in public databases. This newly assembled genome artifact-free will
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improve the quality of new genome assemblies and enhance the understanding of plant-beneficial
bacteria.
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Introduction

Soil-borne plant pathogens cause diseases resulting in major reductions in crop
yields [1]. These diseases are typically controlled in conventional crop production
systems with strategies that include chemical pesticides [2,3]. Biologically based
methods, such as the use of microbial biological control agents, are being developed to
control these soil-borne pathogens due to problems associated with the availability and
effectiveness of chemical pesticides and concerns regarding the impact of these chemical
pesticides on the environment and human health [4-6]. Biological control agents are
increasingly being developed and applied in organic crop production systems where the
use of chemical pesticides is prohibited and disease control strategies are limited. These
microbial biological control agents control disease via several mechanisms including
predation where the biological control agent produces an assortment of enzymes such as
chitinase, protease, and glucanase that degrade pathogen cell wall and other cellular
components [7-11]. Biological control agents can also produce antibiotics and other
inhibitory molecules that kill or slow growth of the pathogen, and can compete with the
pathogen for resources such as nutrients and space. Finally, certain biological control
agents have been shown to associate with plants and induce defense responses that protect
the plant from diseases [12,13].

The enteric bacterium Serratia marcescens is ubiquitous in the environment and
has been detected in association with plants [14-16], animals [17-19] including humans
in hospital settings [20,21], soil [22-25], water [26-28] and air [29]. Live cells and cell-
free extracts of S. marcescens strains isolated from the environment have been shown to
be effective in controlling certain soil-borne plant pathogens [30-37]. Here we report the
characteristics of S. marcescens N4-5 (=NRRL B-65519), isolated from soil by baiting
with chitin. We present the genome of strain N4-5 and provide insights into the

mechanisms by which this strain associates with plants and controls diseases.
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Organism Information

Classification and features

Strain N4-5 was obtained from New Jersey (USA) soil samples by baiting with chitin and
was shown to be active as a biological control agent of summer patch disease in Kentucky
bluegrass caused by Magnaporthe poae [30]. Strain N4-5 was later shown to be particularly
effective in controlling the oomycete soil-borne plant pathogen Pythium ultimum when applied
as a seed treatment [34]. Subsequent characterization showed that N4-5 was a gram-negative,
motile, rod-shaped bacterium able to produce a red-colored pigment in culture (Fig. 1a), which
was later identified as prodigiosin. This compound has anti-biotic properties and is partially
responsible for activity of strain N4-5 against plant pathogens.

-Serratia grimesii
E-Serratia odorifera
-Serratia liquefaciens

-Serratia fonticola
-Serratia plymuthica

+Serratia marcescens N4-5
+Serratia marcescens GC subgroup A

+Serratia marcescens GC subgroup B
+Serratia marcescens GC subgroup C
+Serratia rubidaea

Fig. 1 Chemotaxonomic information of the strain N4-5. (a) S. marcescens N4-5 grown in solid
media exhibiting red-colored colonies due to prodigiosin biosynthesis, a common feature in
Serratia taxa. (b) Hierarchical clustering dendrogram derived from Phospholipid Fatty Acid
(PLFA) profiles of the S. marcescens N4-5 and 9 other Serratia taxa. Profiles are based on fatty
acids 12:0,10:0 30H, 12:0 20H, 12:1 30H,12:0 30H,14:0, 14:0 20H, 16:0, 17:0 cyclo, 17:0,
16:0 30H, 18:0, 19:0 cyclo w8c.

Fatty acid methyl ester (FAME) analysis (Fig. 1b) indicated that strain N4-5 was Serratia

marcescens. S. marcescens strains are known as major prodigiosin producers, although not all
strains of this species produce this compound. Research focus shifted to the use of cell-free natural
product extracts of this strain due to concerns regarding the use of live cells of S. marcescens in
agricultural applications [34]. Certain strains of S. marcescens are considered opportunistic
human pathogens and can be problematic in hospital settings because of multidrug resistance
[22,41-44]. The plant-beneficial properties of strain N4-5 and its natural product extracts have
been reported in several publications [34-37]. Besides prodigiosin, it produces multiple
surfactants including serrawettin W1, and chitinase and protease [34]. Other phenotypes of strain
N4-5 are listed in Table 1.

Phylogenetic trees constructed with sequences of the 16S gene (Fig. 2) and with whole
genome sequences (Additional file 1: Fig. S1) placed strain N4-5 within the S. marcescens clade.
The consensus sequence obtained from the seven copies of the 16S rRNA gene of strain N4-5 is
99.87% identical to the 16S sequences of the type strain S. marcescens DSM 30121. The identity
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of these seven copies of the 16S rRNA gene found in the genome of strain N4-5 vary from 99.7
to 100%. Further analyses, including Average Nucleotide/Amino Acid Identity (ANI/AAI) and
digital DNA-DNA Hybridization (dDDH) calculated using JspeciesWS [38], Kostas Lab [39] and
GGDC [40], confirmed the classification of strain N4-5 as S. marcescens. The values for ANI,

AAI and dDDH were above the cutoff for species delineation, 95, 95 and 70% respectively, when

compared with other Serratia genomes (Additional file 1: Table S1).

Table 1. Classification and general features of Serratia marcescens strain N4-5 [82]

MIGS ID Property Term Evidence code?
Classification Domain Bacteria TAS [83]
Phylum Proteobacteria TAS [84]
Class Gammaproteobacteria TAS [85,86]
Order Enterobacteriales TAS [87]
Family Enterobacteriaceae TAS [88-91]
Genus Serratia TAS [88,30,34]
Species Serratia marcescens strain N4-5 TAS [88,83,84]
Gram stain Negative TAS [30]
Cell shape Rod NAS
Motility Motile IDA
Sporulation Non-spore forming NAS
Temperature range 5-40°C NAS
Optimum temperature 37°C NAS
pH range; Optimum 5-9 NAS
D glucose, D fructose, N-acetyl glucosamine,
Carbon source aspartate, citrate, gluconate, L-malate, mannitol, = NAS
ribose
MIGS-6 Habitat Soil TAS [30]
MIGS-6.3 Salinity Up to 10% NaCl (wiv) IDA
MIGS-22 Oxygen requirement Facultative anaerobic NAS
MIGS-15 Biotic relationship Free-living TAS [30]
MIGS-14 Pathogenicity Non-pathogen NAS
MIGS-4 Geographic location USA/New Jersey NAS
MIGS-5 Sample collection 1996 TAS [30]
MIGS-4.1 Latitude Not Reported NAS
MIGS-4.2 Longitude Not Reported NAS
MIGS-4.4 Altitude Not Reported NAS

2 Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct

report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the
living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence).
These evidence codes are from the Gene Ontology project [92]
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78 1 Serrotio marcescens strain CAV1492 (CP011642.1)
74 Serratio marcescens subsp. marcescens Db11 (NZ_HG326223.1)

Serratia marcescens strain SmUMAMS36 (CP012685.1)
72l Serratia marcescens strain UMH7 (NZ_CP018919.1)

Serratia marcescens strain N4-5 (CP031316)

{ Serratio marcescens strain SMB2099 (NZ_HG738868.1)
Serratio marcescens strain DSM 301217 (AJ233431.1)

Serratia marcescens strain B3R3 (CP013046.2)
[ Serratio marcescens strain RSC14 (CP012639.1)
100l seratia marcescens strain W4 (NC_020211.1)
- Serratio marcescens strain U36365 (CPO16032.1)
Serratio marcescens strain SM39 (NZ_AP013063.1)
Serratia symbiotica strain CWBI-23T (GU354001.1)
Serratia ficario strain NCTC12148T (NZ_LT906479.1)
*{ r Serratio plymuthica strain DSM 45407 (AJ233433.1)
Serratia fonticola strain DSMAS76T (NZ_CP011254.1)
Serratio liguefaciens strain ATCC27592T (CP006252.1)
— Serratia proteamaculans strain DSM 45437 (AJ233434.1)

_,— Serratio rubidoeo strain 1122 (CP014474.1)
100 ' Serratio rubidaea strain DSM 44807 (AJ233436.1)

Proteus vulgaris strain CIP1031817 (AJ301683.1)

Fig. 2 Phylogenetic tree indicating the current taxonomic placement of strain N4-5. The
phylogenetic tree was constructed in MEGA 6.06 [93] based on complete nucleotide sequences
of the 16S gene (1479 bp) aligned in MAFFT [94]. The tree construction method was Maximum
Likelihood with the Kimura 2-parameter model. Bootstrap values were calculated with 1,000
resamplings and values higher than 70% are shown on the appropriate branching points. The scale
indicates the number of substitutions per site.

Chemotaxonomic information

The major components of the S. marcescens N4-5 fatty acid profile were Cig:0 (22.4%),
C17:0 cyelo (12.13%), Cioo 300 (12.07%) and Cizo s0n (5.15%) fatty acids. Minor fatty acid
components were identified at less than 5%, most of which being common among previously
identified species within the genera Serratia: Ci2:0, C12:0 20n, C14:0, C14:0, C18:0and C1:0 cyclo wae. Some
fatty acids isolated from N4-5 co-occurred in just a few other species. For example Cio.0 301 Was
only shared with C. plymuthica and C. rubidaea, whereas Ci2:1 301, C12:030H, C14:0 201, and C17.0 Were

only identified in other S. marcescens-GC subgroups.

Genome sequencing information

Genome project history
Strain N4-5 was isolated from soil and has been studied since 1996 [30]. Due to its
effectiveness against multiple plant pathogens, including M. poae, P. ultimum and Rhizoctonia

solani and its antimicrobial properties [30,33-37], strain N4-5 was selected for whole genome
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sequencing in 2017. Among all the S. marcescens complete genomes available, there are only two
others from strains that are also beneficial to plants. The addition of the N4-5 complete genome
sequence into public databases will allow comparative genome analysis to better understand the
mechanisms by which S. marcescens associates with plants and controls plant diseases, as well
as the variety of lifestyles presented by S. marcescens strains. The N4-5 whole genome nucleotide
sequence was deposited with GenBank under accession number CP031316 (Table 2).

Table 2. Project information.

MIGS ID Property Term
MIGS 31 Finishing quality Finished
MIGS-28 Libraries used Four Illumina pair end libraries
MIGS 29 Sequencing platforms IHlumina NextSeq-500
MIGS 31.2 Fold coverage 664
MIGS 30 Assemblers SPAdes 3.10.0, IDBA 1.1.1, Velvet
MIGS 32 Gene calling method RASTtk
Locus Tag Smn45
Genbank ID CP031316
GenBank Date of Release August 05, 2018
GOLD ID Ga0268725
BIOPROJECT PRINA477367
MIGS 13 Source Material Identifier Serratia marcescens N4-5

Project relevance Biocontrol, Agricultural, Environmental

Growth conditions and genomic DNA preparation

For DNA isolation, S. marcescens N4-5 was grown in batch Luria-Bertani broth (LB)
culture for 16 h at 22°C and 150 rpm orbital agitation. Genomic DNA was extracted from cells
with the QIAGEN Blood & Tissue genomic DNA isolation kit, using the manufacturer’s protocol
(Qiagen Inc., Gaithersburg, MD).
Genome sequencing and assembly

The sequence data was generated on four lanes of an lllimina NextSeg-500 using the run
kit [llumina NextSeq® 500/550 High Output Kit v2. The indexed library was constructed using
Nextera® XT Index Kit v2 Set A. The sequencing resulted in 22,789,104 reads, with length
varying from 32 to 151 bp, which comprised a total of 3,369,822,757 bases and represented 664-
fold genome coverage. The quality was checked with the program FastQC v0.11.5 [45]. The
genome was assembled using the four paired reads libraries employing the assembly service
“auto” available in PATRIC (Pathosystems Resource Integration Center) [46]. This strategy runs
BayesHammer [47] on short reads, followed by three assembly strategies that include Velvet [48],
IDBA 1.1.1 [49] and SPAdes 3.10.0 [50]. Based on each assembly score provided by the QUAST
(Quality Assessment Tool for Genome Assemblies) algorithm [51], the SPAdes assembly was

chosen to move on to the subsequent steps. The 1,634 contigs generated were united into 19
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scaffolds using the CONTIGuator web server [52] with the S. marcescens strain B3R3 (accession
number CP013046.2) as the reference genome. The dnaA gene was determined as the beginning
of the chromosome using an in-house script. Finally, gaps were closed using the tools FGAP [53],
NCBI’s BLASTn [54] and CLC Genomics Workbench 7 (Qiagen Inc.), respectively. The plasmid
was assembled using plasmidSPAdes [55].
Genome annotation

The N4-5 genome was annotated using the RASTtk (Rapid Annotation Using Subsystem
Technology) [56] annotation service in PATRIC. Manual curation was conducted through
Artemis 16.0.0 software [57] and insertion/deletion (indel) errors were checked in CLC Genomics
Workbench 7. Genes with potential frameshifts were compared to other complete genes with
BLASTN against the NR database at NCBI. Translated protein sequences were determined with
BLASTP against the UniProt database [58]. Ribosomal RNAs were verified using the web-tool
RNAmmer 1.2 [59] and tRNAs were verified with tRNAscan-SE 2.0 [60]. Signal peptides,
transmembrane domains, protein families, COG categorization and type Ill, IV and VI secretion
systems (T3SS, T4SS, T6SS) were predicted using the web-based version of SignalP [61],
TMHMM [62], Pfam [63], BASys [64] and T346HUNTER [65], respectively. The SecretomeP
2.0 Server was used to predict non-classical (i.e. non-signal peptide triggered) protein secretion
[66,67]. Genomic islands (Gls) were identified using IslandViewer 3 [68] and were manually
investigated.

Genome Properties

The S. marcescens N4-5 genome comprised a single chromosome of 5,074,473 bp, with
59.7% GC content and a naturally occurring plasmid (Table 3 and Fig. 3). The chromosome had
4,884 protein-coding genes, of which 4,020 genes were functionally assigned while the remaining
genes were annotated as hypothetical proteins. The pseudogenes represented 0.9% of the total
number of genes. There were 82 tRNA genes and 7 copies of the ribosomal RNA operon
distributed throughout the genome, which accounted for 21 rRNA genes (Table 4). The N4-5
genomic nucleotide sequence contained 2,747 transcription units and 992 operons. The gene

classification into COG functional categories is presented in Table 5.

Table 3. Summary of genome: one chromosome and one plasmid

Label Size (bp) Topology INSDC identifier RefSeq ID

Chromosome 5,074,473 Circular GenBank CP031316
Plasmid 11,089 Circular GenBank CP031315
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Fig. 3 Graphical circular map of Serratia marcescens strain N4-5 chromosome. From outer circle
to the center: CDS on forward strand (colored according to COG categories), all CDS and RNA
genes on forward strand, all CDS and RNA genes on reverse strand, CDS on reverse strand
(colored according to COG categories), GC content and GC skew. The map was generated using

GCView Comparison Tool [95].

Table 4. Genome statistics.

Attribute Value % of Total
Genome size (bp) 5,074,473 100.00
DNA coding (bp) 4,426,935 87.23
DNA G+C (bp) 3,029,510 59.70
DNA scaffolds 1 100.00
Total genes 4,884 100.00
Protein coding genes 4,840 99.09
RNA genes 103 2.10
Pseudo genes 44 0.90
Genes in internal clusters NA -
Genes with function prediction 4,020 82.31
Genes assigned to COGs 3,604 73.79
Genes with Pfam domains 4,290 87.84
Genes with signal peptides 468 9.58
Genes with transmembrane helices 1,181 9.23
CRISPR repeats 2 -
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The circular plasmid comprised 11,089 bp and had 43.5% GC content. The size of the
plasmid was confirmed by digestion with restriction enzymes followed by electrophoresis. In
silico restriction and BLAST analysis showed that the plasmid was composed of segments
repeated 2.5 times. The plasmid sequence encoded six unique CDS that were repeated 2.5 times
totaling 13 CDS. From the six unique CDS, four were annotated as hypothetical proteins.

Table 5. Number of genes associated with general COG functional categories.

Code Value %age Description

J 176 3.60 Translation, ribosomal structure and biogenesis

A 1 0.02 RNA processing and modification

K 261 5.34 Transcription

L 138 2.83 Replication, recombination and repair

B 1 0.02 Chromatin structure and dynamics

D 36 0.74  Cell cycle control, cell division, chromosome partitioning
\Y 49 1.00 Defense mechanisms

T 115 2.35 Signal transduction mechanisms

M 233 4.77  Cell wall/membrane biogenesis

N 78 1.60 Cell motility

U 34 0.70 Intracellular trafficking and secretion

@] 138 2.83 Posttranslational modification, protein turnover, chaperones
C 212 4.34  Energy production and conversion

G 267 5.47 Carbohydrate transport and metabolism

E 401 8.21 Amino acid transport and metabolism

F 95 1.94 Nucleotide transport and metabolism

H 139 2.85 Coenzyme transport and metabolism

I 108 2.21 Lipid transport and metabolism

P 239 4.89 Inorganic ion transport and metabolism

Q 82 1.68 Secondary metabolites biosynthesis, transport and catabolism
R 393 8.05 General function prediction only

S 408 8.35 Function unknown

- 1280 26.21 Not in COGs

The total is based on the total number of protein coding genes in the genome.

Insights from the genome sequence

Strain N4-5 contained 468 proteins with a signal peptide, 1,181 proteins with
transmembrane domains TMHMM (Table 4) and 451 proteins were predicted to be
secreted through non-classical pathways. Searches for secretion systems revealed the
presence of a flagellar type 11l secretion system (T3SS) and one copy of the type VI
secretion system (T6SS) with 14 core components. Interestingly, the T6SS was found to
be in a genomic island, which includes parts of the genome that were acquired by
horizontal gene transfer (HGT) [69]. Traits obtained by HGT may be beneficial to the
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host under certain conditions. For example, S. marcescens Db10 utilised the T6SS to
target bacterial competitors [70]. Two CRISPR arrays were detected by the
CRISPRfinder Server [71] and these arrays comprise the prokaryote immune system [72].
Therefore, both features may have contributed to the survival and evolution of the S.
marcescens N4-5 genome and its success as a biological control agent of plant pathogens.
Additionally, strain N4-5 is a known producer of the broad-spectrum anti-microbial
prodigiosin, which contributes to its biological control activity [34-36]. In accordance,
the genome of N4-5 harboured the 14 canonical genes for prodigiosin biosynthesis (pig
cluster, pigA-N) described by Cerdefio [73] and Harris [74]. The pig cluster is predicted
to be transcribed in two operons, one containing pigA-C and the other containing pigD-N
genes. As seen in other bacteria [74], the N4-5 pig cluster was flanked by copA and cueR
homologues; however, differently from the other studied strains, N4-5 has a putative
membrane protein (41 amino acids) annotated between pigA and cueR. Additionally,
strain N4-5 contained chitinase genes (chiA and chiB) in the genome. These enzymes
hydrolyze chitin, an essential fungal cell wall component [75]. Due to their potential uses
in agriculture and industry, chitinases have been intensively studied in several bacterial
taxa, including S. marcescens [76-78]. Several multidrug resistance genes were found
during functional annotation of the N4-5 genome. These data indicated that strain N4-5
contains machinery for microbial competition, which enhances the potential of this strain
as a biological control agent. Strain N4-5 also had plant-beneficial traits such as coding
genes for siderophores. The siderophore enterobactin gene cluster contained entA, entB,
entC, entE, entF and entH but the vibriobactin genes were absent. Additionally, N4-5
carried 16 tonB-dependent transporter genes, which are cellular receptors of siderophores.
The production of siderophore complexes by bacteria contributes to plant growth as they
sequester iron from the environment and make it available for plant uptake [79,80]. The
ability to utilize carbon sources provides a fitness advantage during microbial
competition. The N4-5 genome had 267 genes responsible for carbohydrate transport and
metabolism, comparable with Pseudomonas alcaliphila JAB1, a degrader of organic
pollutants that had 196 genes with this functionality [81]. The surfactant Serrawettin W1
was coded by one NRPS (non-ribosomal peptide synthase) gene with 3,936 bp.
Serrawetin W1 has antimicrobial, antitumor and zoosporicidal activities and has potential
uses in agriculture, medicine and industry [82]. Altogether, these genome features support

N4-5 as a plant-beneficial strain. On the other hand, N4-5 genome lacks genes for the
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synthesis of the antibiotic pyrrolnitrin (prnA-D) and nitrogen fixation (such as nif, fix and
nod).
Extended insights: Artefact

Two extra copies of the rRNA 5S gene were found in the fifth ribosomal cluster of strain
N4-5 after the initial assembly. Extra copies were also found in other Serratia genomes deposited
in public databases (Additional file 1: Table S2/Fig. 4). To verify whether it was an artefact or a
natural feature in strain N4-5, PCR amplification and standard sequencing with the Sanger method
of the rRNA 58S gene region were performed. Primers MetA1F (5°- ACC GCA GGT AAC TCA
TCA GG -3’) and 23S1R (5’- GAC GTT GAT AGG CTG GGT GT- 3’) were anchored on the
regions flanking the 5S duplication as visualized in the program Artemis. The sequence obtained
with these primers was mapped to the assembly and unequivocally showed that these extra copies
of the 5S rRNA gene are assembly artefacts. The genome sequence was corrected accordingly
and therefore, strain N4-5 has regular ribosomal operons, i.e. one copy of the 5S, 16S and 23S
genes per cluster (Fig. 4). The extra copies of the 5S gene found in the complete genomes of the
other 48 Serratia spp. deposited in public databases (Additional file 1: Table S2/Fig. 4) are almost
certainly artefacts generated during assembly and propagated with the deposit of new genomes.
Strain N4-5 is the only S. marcescens genome in GenBank without this artefact. Therefore, the
deposit of this genome will contribute to improved future assemblies and to prevent the

propagation of this artefact when strain N4-5 is used as reference.

a bbp

W Original N4-5 assembly
1000,
W Putative artefact present in 48 complete genomes
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—@— Final N4-5 rRNA 55 gene bt
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- S
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Fig. 4 Identification of putative assembly artefacts in complete genomes of Serratia spp.
deposited in public databases. (a) Schematic representation of the artefact in strain N4-5 and in
other Serratia genomes and (b) the electrophoretic gel image representing the expected band for
a single 5S gene of approximately 800bp generated with primeirs MetA1F (5’- ACC GCA GGT
AAC TCA TCA GG -3’) and 23S1R (5’- GAC GTT GAT AGG CTG GGT GT- 3°).

Conclusions

We obtained the Serratia marcescens strain N4-5 nucleotide genome sequence in
its full extent. It comprised a naturally occurring plasmid and one circular chromosome
with size and G+C content typical of Serratia genomes. This strain was sequenced based
on its ability to produce antimicrobial compounds and suppress soil-borne
phytopathogens. The plant beneficial properties of strain N4-5 included genes for the
biosynthesis of prodigiosin, serrawetin W1, chitinases and siderophores. Manual curation
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combined with in vitro experimentation allowed us to detect and to resolve an assembly
artefact detected in the genome of N4-5. Further analysis and comparative genomics
among functionally related strains will enhance our understanding of the plant beneficial
properties shown by Serratia and other bacterial biocontrol agents.

Competing interests

The authors declare that they have no competing interests.

Authors' contributions

Performed genome sequencing, assembly, annotation and analysis: LCF, JEM, MVCV and TJS.
Performed microbiological experiments: DPR, JEM. Contributed with resources: VACA, DPR.
Wrote the paper: LCF, JEM, JTS and DPR. JTS and DPR conceived the study and supervised the
project. All authors read and approved the final manuscript.

Acknowledgements
LCF and JTS - CNPq

References

1. Raaijmakers JM, Paulitz TC, Steinberg C, Alabouvete C, Moenne-Loccoz Y. et al. The
rhizosphere: a playground and battlefield for soilborne pathogens and beneficial
microorganisms. Plant Soil 2009;321:341-361. https://doi.org/10.1007/s11104-008-
9568-6.

2. Zitter TA, Hopkins DL, Thomas CE. Compendium of cucurbit diseases. St. Paul: APS,
1996;87.

3. Chauhan MS, Yadav JPS, Gangopadhyay S. Chemical control of soilborne fungal
pathogen complex of seedling cotton. Tropical Pest Management 2008;34:159-161

4. Geiger F, et al. Persistent negative effects of pesticides on biodiversity and biological
control potential on European farmland. Bacis and Applied Ecology 2010;11:97-105.

5. Cox C, Surgan M. Unidentified Inert Ingredients in Pesticides: Implications for Human
and Environmental Health. Environmental Health Perspectives. 2006;114(12):1803-
1806. doi:10.1289/ehp.9374.

6. Igbedioh SO. Effects of Agricultural Pesticides on Humans, Animals, and Higher Plants
in Developing Countries. Archives of Environ Health 1991;46:218-224.

7. Wang K, Yan PS, Cao LX. Chitinase from a novel strain of Serratia marcescens JPP1 for
biocontrol of aflatoxin: Molecular characterization and production optimization using
response surface methodology. BioMed Research International 2014;1-8.

8. Someya N, Nakajima M, Watanabe K, Hibi T, Akutsu K. Potential of Serratia marcescens
strain B2 for biological control of rice sheath blight. Biocontrol Science and Technology
2005;15:105-1009.

9. Benitez T, Rincon AM, Limon MC, Codon AC. Biocontrol mechanisms of Trichoderma
strains. International Microbiology 2004;7:249-260.

10. Pal KK, Gardener BM,. Biological Control of Plant Pathogens. The Plant Health
Instructor 2006; DOI: 10.1094/PHI-A-2006-1117-02.

11. Palumbo JD, Yuen GY, Jochum CC, Tatum K, Kobayashi DY. Mutagenesis of beta-1,3-
glucanase genes in Lysobacter enzymogenes strain C3 results in reduced biological
control activity toward Bipolaris leaf spot of tall fescue and Pythium damping-off of sugar
beet. Phytopathology 2005;95:701-707.

12. Ramamoorthy V, Viswanathan R, Raguchander T, Prakasam V, Smaiyappan R.
Induction of systemic resistance by plant growth promoting rhizobacteria in crop plants
against pests and diseases. Crop. Prot 2001;20:1-11.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

42

Lavania M, Chauhan PS, Chauhan SVS, Singh HB, Nautiyal CS. Induction of Plant
Defense Enzymes and Phenolics by Treatment With Plant Growth — Promoting
Rhizobacteria Serratia marcescens NBRI11213. Current Microbiology 2006;52:363-368.
Lim YL, Yong D, Ee R, Krishnan T, Tee KK, Yin WF, Chan KG. Complete genome
sequence of Serratia fonticola DSM 4576 T, a potential plant growth promoting
bacterium. Journal of Biotechnology 2015;214:43-44.

Afzal |, Igrar |, Shinwari ZK, Yasmin A. Plant growth-promoting potential of endophytic
bacteria isolated from roots of wild Dodonaea viscosa L. Plant Growth Regulation
2017;1-10.

Zaheer A, Mirza BS, Mclean JE, Yasmin S, Shah TM, Malik KA, Mirza MS. Association
of plant growth-promoting Serratia spp. with the root nodules of chickpea. Research in
Microbiology 2016;6:510-520.

Abebe-Akele F, Tisa LS, Cooper VS, Hatcher PJ, Abebe E, Thomas WK. Genome
sequence and comparative analysis of a putative entomopathogenic Serratia isolated from
Caenorhabditis briggsae. BMC Genomics 2015;16:1.

Vicente CS, Nascimento FX, Ikuyo Y, Cock PJ, Mota M, Hasegawa K. The genome and
genetics of a high oxidative stress tolerant Serratia sp. LCN16 isolated from the plant
parasitic nematode Bursaphelenchus xylophilus. BMC Genomics 2016;17:1.
Garcia-Fraile P, Chudickova, M.; Benada, O.; Pikula, J.; Kolafik, M. Serratia myotis sp.
nov. and Serratia vespertilionis sp. nov., isolated from bats hibernating in caves.
International Journal of Systematic and Evolutionary Microbiology, v. 65, n. 1, p. 90- 94,
2015.

Roy P, Ahmed NH, Grover RK. Non-pigmented strain of Serratia marcescens: An
unusual pathogen causing pulmonary infection in a patient with malignancy. Journal of
Clinical and Diagnostic Research: JCDR 2014;8.

Bonnin RA, Girlich D, Imanci D, Dortet L, Naas T. Draft genome sequence of the Serratia
rubidaeca CIP 103234T reference strain, a human-opportunistic pathogen. Genome
Announcements, 2015;3:e01340-15.

Grimont F, Grimont PAD. The genus Serratia. In: Ballows, A. (Ed.), The Prokaryotes—
A Handbook on the Biology of Bacteria:Ecophysiology, Isolation, Identification,
Applications, second ed., vol. I1l. Springer, New York, NY, 1992;2823-2848.
Kamensky M, Ovadis M, Chet I, Chernin L. Soil-borne strain IC14 of Serratia plymuthica
with multiple mechanisms of antifungal activity provides biocontrol of Botrytis cinerea
and Sclerotinia sclerotiorum diseases. Soil Biology and Biochemistry 2003;35:323-331.
Giri AV, Anandkumar N, Muthukumaran G, Pennathur G. A novel medium for the
enhanced cell growth and production of prodigiosin from Serratia marcescens isolated
from soil. BMC microbiology 2004;41.

Lavania M, Nautiyal CS. Solubilization of tricalcium phosphate by temperature and salt
tolerant Serratia marcescens NBRI11213 isolated from alkaline soils. African Journal of
Microbiology Research 2013;7:4403-4413.

Gavini F, Ferragut C, Izard D, Trinel PA, Leclerc H, Lefebvre B, Mossel DAA. Serratia
fonticola, a new species from water. International Journal of Systematic and Evolutionary
Microbiology 1979;29:92-101.

Henriques I, Ramos RTJ, Baraina RA, De S& PH, Almeida DM, Carneiro AR, Egas C.
Draft genome sequence of Serratia fonticola UTAD54, a carbapenem-resistant strain
isolated from drinking water. Genome announcements 2013;1:e00970-13.

Kampfer P, Glaeser SP. Serratia aquatilis sp. nov., isolated from drinking water systems.
Int. J. Syst. Evol. Microbiol 2016;66:407-413.

Bencini MA, Yzermana EPF, Bruina JP, Den Boer JW. Airborne dispersion of Serratia
marcescens as a model for spread of Legionella from a whirlpool. The Royal Institute of
Public Health 2008;962-964.

Kobayashi DY, El-Barrad N. Selection of bacterial antagonists using enrichment cultures
for the control of summer patch disease in Kentucky Bluegrass. Current Microbiology.
1996;32:106-111.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

43

Press C, Wilson M, Tuzun S, Kloepper JW. Salicylic acid produced by Serratia
marcescens is not the primary determinant of induced systemic resistance in cucumber
or tobacco. Molecular Plant—Microbe Interactions 1997;10:761-768.

Someya, N, Kataoka N, Komagata T, Hirayae K, Hibi T. Biological control of cyclamen
soilborne diseases by Serratia marcescens strain B2. Plant Disease 2000;84:334-340.
Roberts DP, Lohrke SM, Meyer SLF, Buyer JS, Bowers JH, Baker CJ, Li W, Souza JT,
Lewis JA, Chung S. Biocontrol agents applied individually and in combination for
suppression of soilborne diseases of cucumber. Crop Protection 2005;24:141-155
Roberts DP, McKenna LF, Lakshman, DK, Meyer SLF, Kong H, de Souza JG, Lydon J,
Baker CJ, Chung S. Suppression of damping-off of cucumber caused by Pythium ultimum
with live cells and extracts of Serratia marcescens. Soil Biol. Biochem. 2007;39:2275-
2288.

Roberts DP, Lakshman DK, Maul JE, McKenna LF, Buyer JS, Fan B. Control of
damping-off of organic and conventional cucumber with extracts from a plant-associated
bacterium rivals a seed treatment pesticide. Crop Prot. 2014;65:86-94.

Roberts DP, Lakshman DK, McKenna LF, Emche SE, Maul JE, Bauchan G. Seed
treatment with ethanol extract of Serratia marcescens is compatible with Trichoderma
isolates for control of damping-off of cucumber caused by Pythium ultimum. Plant Dis.
2016;100:1278-1287.

Roberts DP, McKenna LF, Buyer JS. Consistency of control of damping-off of cucumber
is improved by combining ethanol extract of Serratia marcescens with other biologically
based technologies. Crop Protection 2017;96:59-67.

Richter M, Rossell6-Méra R, Glockner FO, Peplies J. JSpeciesWS: a web server for
prokaryotic species circumscription based on pairwise genome comparison.
Bioinformatics, 2015.

Rodriguez-R LM, Konstantinidis KT. Bypassing Cultivation To Identify Bacterial
Species. Microbe. 2014;9:111-118.

Auch AF, Klenk HP, Goker M. Standard operating procedure for calculating genome-to-
genome distances based on high-scoring segment pairs. Stand Genomic Sci 2010; 2:142-
148. http://dx.doi.org/10.4056/sigs.541628

Traub WH. Antibiotic susceptibility of Serratia marcescens and Serratia liquefaciens.
Chemotherapy 2000;46:315-321.

Stock I, Grueger T, Widemann B. Natural antibiotic susceptibility of strains of Serratia
marcescens and the S. liquefaciens complex: S. liquefaciens sensu stricto,
Sproteamaculans and S. grimesii. International Journal of Antimicrobial Agents
2003;22:35-47.

Sandner-Miranda L, Vinuesa P, Soberén-Chavez G, Morales-Espinosa R. Complete
Genome Sequence of Serratia marcescens SMUNAM836, a Nonpigmented Multidrug-
Resistant Strain Isolated from a Mexican Patient with Obstructive Pulmonary Disease.
Genome Announc 2016;4: e01417-15.

Iguchi A, Nagaya Y, Pradel E, Ooka T, Ogura Y, Katsura K, Kurokawa K, Oshima K,
Hattori M, Parkhill J, Sebaihia M, Coulthurst SJ, Gotoh N, Thomson NR, Ewbank JJ,
Hayashi T. Genome evolution and plasticity of Serratia marcescens, an important
multidrug-resistant noso- comial pathogen. Genome Biol Evol 2014;6:2096-2110.
Andrews, S. FastQC: a quality control tool for high throughput sequence data. Available
online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc, 2010.

Wattam AR, Abraham D, Dalay O, Disz TL, Driscoll T, Gabbard JL, et al. PATRIC, the
bacterial bioinfor- matics database and analysis resource. Nucleic Acids Res
2014;42:D581-91. https://doi.org/10. 1093/nar/gkt1099.

Nikolenko SI, Korobeynikov Al, Alekseyev MA. BayesHammer: Bayesian clustering for
error correction in single-cell sequencing. BMC genomics. 2013;14:1.

Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly using de
Bruijn graphs. Genome Res. 2008;18:821-829.

Peng Y, Leung Hcm, Yiu Sm, Chin Fyl. IDBA-a practical iterative de Bruijn graph de
novo assembler. Research in Computational Molecular Biology. 2010;6044: 426-440.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

44

Bankevich A, et al. SPAdes: a new genome assembly algorithm and Its Applications to
Single-Cell Sequencing. Journal of Computational Biology. 2012;19:455-477.
Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: Quality assessment tool for
genome assemblies. Bioinformatics. 2013;29:1072-1075.

Galardini M, Biondi EG, Bazzicalupo M, Mengoni A. CONTIGuator: a bacterial
genomes finishing tool for structural insights on draft genomes. Source Code Biol Med.
2011;6:11.

Piro VC, Faoro H, Weiss VA, Steffens MB, Pedrosa FO, Souza EM, Raittz RT. FGAP;
an automated gap closing tool. BMC Research Notes. 2014;7:371.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search
tool.J. Mol. Biol. 1999;215:403-410.

Antipov D, Hartwick N, Shen M, Raiko M, Lapidus A, Pevzner PA. plasmidSPAdes:
assembling plasmids from whole genome sequencing data. Bioinformatics,
2016;32:3380-3387.

Brettin T, Davis JJ, Disz T, Edwards RA, Gerdes S, Olsen GJ, Olson R, Overbeek R,
Parrello B, Pusch GD, Shukla M, Thomason JA, Stevens R, VVonstein V, Wattam AR,
Xia F. RASTtk: A modular and extensible implementation of the RAST algorithm for
building custom annotation pipelines and annotating batches of genomes. Sci Rep 2015;
doi:10.1038/srep08365.

Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P, Rajandream M, Barrell B. Artemis:
sequence visualization and annotation. Bioinformatics. 2000;16:944-945.

Wasmuth EV, Lima CD. UniProt: the universal protein knowledgebase. Nucleic Acids
Res. 2017;45:D158-D169.

Lagesen K, Hallin PF, Regdland E, Sterfeldt HH, Rognes T, Ussery DW. RNammer:
consistent annotation of rRNA genes in genomic sequences. Nucleic Acids Res. 2007.
Lowe TM, Chan PP. tRNAscan-SE On-line: integrating search and context for analysis
of transfer RNA genes. Nucleic Acids Research. 2016;44:W54-W57.

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal
peptides from transmembrane regions. Nat Methods. 2011;8:785-6

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein
topology with a hidden Markov model: application to complete genomes. J Mol Biol.
2001;305:567-80.

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, Potter SC, Punta M,
Qureshi M, Sangrador-Vegas A, Salazar GA, Tate J, Bateman A. The Pfam protein
families database: towards a more sustainable future. Nucleic Acids Research.
2016;44:D279-D285.

Van Domselaar GH, Stothard P, Shrivastava S, Cruz JA, Guo A, Dong X, et al. BASys:
a web server for automated bacterial genome annotation. Nucleic Acids Res.
2005;33:W455-9.

Martinez-Garcia PM, Ramos C, Rodriguez- Palenzuela P. T346Hunter: A Novel Web-
Based Tool for the Prediction of Type Ill, Type IV and Type VI Secretion Systems in
Bacterial Genomes. PL0oS ONE. 2015;10:e0119317. doi:10.1371/journal. pone.011931
Bendtsen JD, Jensen LJ, Blom N, von Heijne G, Brunak S. Feature based prediction of
non-classical and leaderless protein secretion. Protein Eng. Des. Sel. 2004;17:349-356.
Bendtsen JD, Kiemer L, Fausbgll A, Brunak S. Non-classical protein secretion in
bacteria. BMC Microbiology. 2005;5:58.

Dhillon BK, Laird MR, Shay JA, Winsor GL, Lo R, Nizam F, Pereira SK, Waglechner
N, Mcarthur AG, Langille MG, Brinkman FS. IslandViewer 3: more flexible, interactive
genomic island discovery, visualization and analysis. Nucleic Acids Research.
2015;43:W104-W108. doi: 10.1093/nar/gkv401.

Grissa |, Vergnaud G, Pourcel C. CRISPRFinder: a web tool to identify clustered
regularly interspaced short palindromic repeats. Nucleic Acids Res. 2007;35:W52-7
Juhas M, van der Meer JR, Gaillard M, Harding RM, Hood DW, Crook DW. Genomic
islands: tools of bacterial horizontal gene transfer and evolution. Top E, ed. Fems
Microbiology Reviews. 2009;33:376-393. d0i:10.1111/j.1574-6976.2008.00136.x.



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

45

Murdoch SL, Trunk K, English G, Fritsch MJ, Pourkamari E, Coulthurst. The
opportunistic pathogen Serratia marcescens utilizes type V1 secretion to target bacterial
competitors. J Bacteriol. 2011;193:6057—-6069.

Rath D, Amlinger L, Rath A, Lundgrenb M. The CRISPR-Cas immune system: Biology,
mechanisms and applications. Biochimie, 2015;117:119-128.

Cerdefio AM, Bibb MJ, Challis GL. Analysis of the prodiginine biosynthesis gene cluster
of Streptomy- ces coelicolor A3(2): new mechanisms for chain initiation and termination
in modular multienzymes. Chem. Biol. 2001;119:1-13.

Harris AKP, et al. The Serratia gene cluster encoding biosynthesis of the red antibiotic,
prodigiosin, shows species- and strain-dependent genome context variation.
Microbiology. 2004;150:3547-3560.

Latge JP. The cell wall: a carbohydrate armour for the fungal cell. Mol Microbiol
2007;66:279-290.

Bansode VB, Bajekal SS. Characterization of chitinases from microorganisms isolated
from Lonar lake. Indian Journal of Biotechnology 2006;5:357-363.

Ordentlich A, Elad Y, Chet I. The role of the chitinase of Serratia marcescens in
Biocontrol of Sclerotium rolfsii. Phytopatology, 1988;78:84-88.

Zarei M, Aminzadeh S, Zolgharnein H, Safahieh A, Daliri M, Noghabil KA, Ghoroghi
A, Motallebi A. Characterization of a chitinase with antifungal activity from a native
Serratia marcescens B4A. Brazilian Journal of Microbiology 2011;42:1017-1029.
Scavino AF, Pedraza RO. The Role of Siderophores in Plant Growth-Promoting Bacteria.
In: Maheshwari D., Saraf M., Aeron A. (eds) Bacteria in Agrobiology: Crop Productivity.
Springer, Berlin, Heidelberg 2013.

Sharma A, Johri BN. Growth promoting influence of siderophore-producing
Pseudomonas strains GRP3A and PRS9 in maize (Zea mays L.) under iron limiting
conditions. Microbiological Research 2003;158:243-248.

Ridl J, Suman J, Fraraccio S, et al. Complete genome sequence of Pseudomonas
alcaliphila JAB1 (=DSM 26533), a versatile degrader of organic pollutants. Standards in
Genomic Sciences. 2018;13:3. doi:10.1186/s40793-017-0306-7.

Field D, Garrity G, Gray T, Morrison N, Selengut J, Sterk P, et al. The minimum
information about a genome sequences (MIGS) specification. Nat Biotechnol.
2008;26:541-7

Woese CR. Towards a natural system of organisms: Proposal for the domains Archea,
Bacteria and Eucarya. Proc Natl Acad Sci U S A. 1990;87:4576-9.

Garrity GM, Bell JA, Lilburn T. Phylum XIV. Proteobacteria phyl. Nov. In: Garrity GM,
Brenner DJ, Krieg NR, Staley JT, editors. Bergey’s Manual of Systematic Bacteriology,
2nd ed, Volume 2, Part B. New York: Springer; 2005: p. 1.

Garrity GM, Bell JA, Lilburn T. Class I1l. Gammaproteobacteria class. nov. In: Garrity
GM, Brenner DJ, Krieg NR, Staley JT, editors. Bergey’s Manual of Systematic
Bacteriology, Springer 2005.

Validation of publication of new names and new combinations previously effectively
published outside the IJSEM. List no. 106. Int J Syst Evol Microbiol. 2005; 55:2235-8.
Garrity GM, Holt JG. Taxonomic outline of the Archaea and Bacteria. In: Garrity GM,
Boone DR, Castenholz RW, editors. Bergey’s Manual of Systematic Bacteriology, vol.
1. 2nd ed. New York: Springer; 2001;155-66.

Skerman VBD, McGowan V, Sneath PHA. Approved lists of bacterial names. Int J Syst
Bacteriol. 1980;30:225-420.

Brenner DJ, Farmer JJ. Family I. Enterobacteriaceae Rahn 1937. In: Garrity GM, Brenner
DJ, Krieg NR, Staley JT, editors. Bergey’s Manual of Systematic Bacteriology, 2nd ed,
Volume 2, Part B. New York: Springer; 2005;587.

Rahn O. New principles for the classification of bacteria. Zentralblatt fur Bakteriologie,
Parasitenkunde, Infektionskrankheiten und Hygiene. Abteilung I1. 1937; 96:273-86.
Bizio B. Lettera di Bartolomeo Bizio al chiarissimo canonico Angelo Bellani sopra il
fenomeno della polenta porporina. Biblioteca Italiana o sia Giornale di Letteratura. [Anno
VIII]. Scienze e Arti. 1823;30:275-95



92.

93.

94.

95.

46

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology:
tool for the unification of biology. Nat Genet. 2000;25:25-9.

Tamura K, Stecher G, Peterson D, Filipski A, and Kumar S. MEGAG6: Molecular
Evolutionary Genetics Analysis Version 6.0. Molecular Biology and Evolution
2013;30:2725-2729.

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Molecular Biology and Evolution
2013;30:772-780.

Grant JR, Arantes AS, Stothard P. Comparing thousands of circular genomes using the
CGView Comparison Tool. BMC Genomics. 2012;13:202.



47

ARTICLE 2 - Genus-wide Taxonomy Review and Comparative Analyses of

Serratia: Data from Complete Genomes

mBio journal format (preliminary version).

Genus-wide Taxonomy Review and Comparative Analysis of Serratia: Data from
Complete Genomes

Larissa C. Ferreira® Daniel P. Roberts® Jorge T. de Souza®

4Department of Plant Pathology, Federal University of Lavras, Lavras, Minas Gerais,
Brazil

bSustainable Agricultural Systems Laboratory, United States Department of Agriculture—
Agricultural Research Service, Beltsville, Maryland, USA

Running Head: Genus-wide comparative analysis of Serratia

#Address correspondence to Jorge T. de Souza, jgeteodoro@gmail.com

ABSTRACT

Bacteria from the genus Serratia are ubiquitous in the environment and have been
detected in soil, water, and air and in association with plants and animals; including
humans in hospital settings. These bacteria occupy diverse lifestyles as pathogens on
plants or animals or are beneficial to plants promoting growth and controlling disease. In
silico comparisons of all complete genomes of Serratia available in GenBank are
presented here along with descriptions of their genetic organization, their secretion
systems, and their secondary metabolite biosynthetic gene clusters, chitinase genes and
CRISPR arrays. A taxonomic review of the genus Serratia based on dDDH, ANI, 16S
identity, phylogenetic trees of seven housekeeping genes (individually and concatenated),
as well as phylogenomic tree construction with whole genomes detected two
misidentifications, supported a recent proposal of a novel Serratia species, confirmed the
taxonomic placement of most strains and indicated that certain Serratia genomes publicly
deposited in GenBank are incorrectly named. From these genomes we constructed
updated pan-, core- and accessory-genomes. Analysis revealed an open pan-genome with
546 core genes. Secretion system analysis revealed two T6SS loci, one T4SS and one
non-flagellar T3SS. In general, genetic organization of Serratia secretion systems is
complex and non-standard. Secondary metabolite BGC prediction revealed that 41% of

compounds encoded by Serratia genomes are antibiotics, with some having anti-tumor
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properties. Four of the seven Serratia species have CRISPR arrays while five species
encode chitinases.
IMPORTANCE

Serratia, an opportunistic nosocomial pathogen, are gram-negative bacteria also
important in environmental and agricultural scenarios. Moreover, Serratia strains attract
industry’s attention due to their ability to produce several antimicrobial compounds and
surfactants. Here we present a genus-wide analysis in Serratia. In this study, we used
complete genome sequences to analyze and to present the state-of-art of Serratia. Our
results provide insights from Serratia at the genus level.

KEYWORDS Nosocomial pathogen, plant growth promoting bacteria, entomopathogen,
average nucleotide identity, DDH, antibiotics, secretion system
INTRODUCTION

Bacterial studies has been greatly influenced by DNA sequencing advancements
and improved capacity to analyze large data sets. As a result, the number of bacterial
genomes assembled, annotated and publicly available in databases has increased
exponentially (1). From this phenomenon arises numerous possible ways of analyzing
these new genomes. For instance, bacterial taxonomy evolved throughout the years to the
point that in silico genome-based analyses provide equally or more accurate results
compared to those obtained through conventional methods (2-4). These in silico metrics
include mainly digital DNA-DNA hybridization (dDDH) and average nucleotide/amino
acid identity (ANI/AAI) (4-7). The use of these and other metrics to aid bacterial species
delineation studies have been widely adopted by microbiologists thus following the trend
towards incorporating these approaches into prokaryotic taxonomy (8, 9). In fact, the
widespread application of genomics methods in prokaryotic taxonomy and systematics
revealed several misidentifications and proposals of new taxa and reclassifications (10-
12). Beyond taxonomy and systematics, genomic analysis provided better understanding
of genotypic/phenotypic characteristics inherent in organisms individually studied and
also contributed to elucidate questions at the Kingdom level (13-17).

Here, we applied a range of genomic approaches to study the Serratia genus. This
taxon of gram-negative bacteria displays very diverse biological functions and lifestyles,
including pathogenicity to humans, animals and plants (18-20). However, there are also
non-pathogenic Serratia strains able to promote plant growth and to control plant
pathogens (21, 22). Interestingly, all these phenotypes can be found in strains from the

same species, i.e. S. marcescens (23-26). These bacteria carry tools that enable them to
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exhibit this wide phenotypic variation, for example, production of several antibiotics,
surfactants, chitinolytic enzymes and effector molecules (19, 27-31). One example of
antibiotic produced by Serratia isolates is the secondary metabolite, red pigment called
prodigiosin (32, 33). This powerful compound holds the ability to kill gram-negative and
positive bacteria, fungi, nematodes, insects and even cancer cells (34-39). Its potential
applications in medicine and agriculture is enormous. The prodigiosin biosynthetic gene
cluster (BGC) is composed by 14 genes and is widespread within Serratia genomes (40,
41). In addition to the production of multi-target substances, secretion system (SS) is other
tool employed by Serratia organisms to thrive in nature. These bacteria are known to
target bacterial competitors by using their type VI SS apparatus to deliver toxins into
adjacent prokaryotic cells (42, 43). Secretion systems are machineries in bacterial cells
also related to pathogenicity, DNA-conjugation, and general transport of molecules into
the environment, prokaryotic and eukaryotic cells (44-47). Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) are an adaptive bacterial immune
system (48). Alongside with the features cited above, the presence of immune system also
provide fitness competition advantage (48, 49). Besides CRISPR exploitation and
relevance as a genomic editing tool, it has also an important natural biological function
of providing bacterial protection against phages (50). These features are advantageous for
bacterial survival and competition in clinical scenarios as well as in plant associations
(such as growth promotion and biocontrol of phytopathogens). Therefore, the presence of
these features have an effect in their success in nature and, in the long run, in their
evolutionary arms race.

Currently, there are 17 Serratia species recognized within the genus. However,
78% of Serratia genomes sequenced and available in GenBank are S. marcescens (51).
This species is the best studied whereas other Serratia spp. are left aside in many studies.
This is the first study to include all Serratia complete genomes and to make comparisons
at a genus level. We aimed to review the taxonomy placement of Serratia complete
genomes deposited and to provide their species boundaries. In addition, we presented and
investigated secretion systems and secondary metabolites gene clusters and the presence
of chitinases and CRISPR arrays in the genomes studied.
RESULTS

Taxonomy review and new classification criteria of the Serratia genus. In
order to verify the taxonomic identity of the strains selected to be used in this study, a

heatmap and corresponding phylogram were constructed using dDDH values (Fig. 1).
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Two misidentifications were found. The strains S. symbiotica ‘Cinara cedri’ and STs have
dDDH, ANI and 16S identity values lower than the cutoff for species delineation in each
of these criteria (Table S2-6). In average, the ‘Cinara cedri’ and STs dDDH values are
respectively 21.73 and 34.23% when compared to the other Serratia spp. genomes.
Likewise, the average nucleotide identity varied from 66.65 to 74.92% in comparison to
the genomes sampled. The 16S gene identity matrix corroborates with these results. Based
on a multi-criteria analysis of dDDH, GC variation, ANIb, ANIm and 16S phylogenetic
tree (Table S2-6 and Fig. S1), we strongly suggest that S. symbiotica strains ‘Cinara cedri’
and STs do not belong in the Serratia genus and should be reclassified. For this reason,
we excluded both strains from the subsequent analyses.

The uncharacterized Serratia sp. strains were allocated into three Serratia species
used in this study, except for strain YD25. The strains FS14 and SCBI were grouped
within S. marcescens, FGI94 within S. rubidaea and AS12 and AS13 within S.
plymuthica. The dDDH values were above the cutoff for all these strains, except FS14
and SCBI, which values varied from 57.6 to 89.3% and 60.7 to 88.8% respectively. Even
though some values were lower than 70%, all the other criteria cited above, indicate these
strains belong with S. marcescens species. The closest species to the strain YD25 is S.
marcescens according to genomic indexes. For instance, the highest dDDH value is
58.7%, being in average, 56.46% similar to the S. marcescens strains. Likewise, the
pairwise ANIb values varied from 93.51 to 94.32% among S. marcescens strains. The
same result was observed in the phylogenomic tree with whole genome sequences and in
the phylogenetic trees constructed with ftsZ, groES, gyrB, recA and rpoD individual and
concatenated genes (MLSA) (Fig. S2-6, Fig. 2). In contrast, in the phylogenetic trees of
the groEL gene and of the 16S containing type strains for all Serratia species, YD25 was
grouped with S. marcescens (Fig. S1,7,8). Recently, Su et al. (52) proposed a novel
Serratia species, S. surfactantfaciens, based on YD25 genomic analysis combined with
phylogenetic and phenotypic analyses. Our results show that YD25 is very close/similar
to S. marcescens genomes but not enough to be in this species and, therefore, we support
the findings of Su et al. (52).

According to the GGDC subspecies delineation criteria (53), six subgroups were
delineated within the S. marcescens species, one in S. plymuthica, S. liquefaciens and S.
rubidaea. The strains UMH11, UMH10, UMH1 and UMH12 were grouped together with
S. marcescens subsp. marcescens strain Db11 - their dDDH was higher than 92.5%. The

second subgroup was composed by the S. marcescens strains UHM9, UHMS3,
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SmMUNAMS836, SMB2099 and SM39 (dDDH>90.4%), the third by the strains CAV1492
and UMH5 (dDDH=84%), the fourth by UHM7, UHM2, RSC14 UHM6 and SCBI
(dDDH>89.3%), the fifth by U36365, B3R3, FS14 and WW4 (dDDH>83.4%) and the
sixth by UMH8 and N4-5 (DDH=90.3%). The S. plymuthica strains 3Re4-18, 3Rp8,
4Rx13 and S13 formed a subgroup with dDDH higher than 89.7%. All strains classified
as the S. liquefaciens and S. rubideae used in this study have dDDH percentages above
the 79% cuttoff, namely dDDH>90.7% for S. liquefaciens and equal to 79.4% between S.
rubidaea strains 1122 and FG194.

To understand the species boundaries of Serratia spp., we analyzed four genomic
indexes and four genomic features (Table 1). Serratia genomes comprise one
chromosome and some individuals harbor extrachromosomal plasmids. The GC content,
number of genes and protein varied in accordance with the genome size range. Serratia
mean genome size is around 5.144 Mb, with S. fonticola strain GS2 being the largest -
6.3258 Mb - and S. rubidaea strain FG194 the smallest - 4.85822 Mb. Serratia GC content
varied from 53.6 to 60.2%. The in silico DNA-DNA hybridization varied from 20.3 to
100%. The other genomic metrics were also as high as 100%. Among strains from the
same species, the lowest dDDH, ANIb, ANIm and 16S identity values were respectively
55.4, 93.51, 94.22 and 98.65%. All these values were from S. marcescens, which is the
species most represented in the genus with 24 complete genome sequences. In addition,
their GC ratio has the largest variation (1.57%) among all the strains. These wide ranges
is due its phenotypic diversity among strains and because the amount of genomes

sampled.

TABLE 1 Serratia species boundaries based on genomic properties and indexes.

Indexes Serratia species

S. marcescens S. plymuthica S. fonticola S. liquefaciens  S. rubidaea S. proteamaculans  S. ficaria S surfactantfaciens
Genomes 24 8 3 3 2 1 1 1
Size (Mb) 5.024 - 5.828 5.403 - 5.546 5.725-6.325 5.282-5.326 4.858 - 4.922 5.495 5.209 5.117
GC (%) 58.63 - 60.2 55.7-56.2 53.6-53.8 53.6-53.8 58.9-59.2 55.05 60.1 59.6
Gene 4734 - 5649 5060 - 5240 5229 - 5915 5006 - 5044 4540 - 4613 5198 4874 4866
Protein 4320 - 5354 4804 - 5024 5064 - 5580 4726 - 4863 4363 - 4459 4999 4673 4713
dDDH (%) | 55.4 - 100 57.1-96.8 63.5-65.4 90.7-90.8 64
ANIb (%) 93.51-100 93.79 - 100 94.83-95.28 98.67-98.75 97.36
ANIm (%) |94.22 -99.99 94.47 —99.99 95.56 - 95.86  98.92 - 98.95 97.75
16S (%) 98.65 - 100 99.03 -100 99.55-99.87 99.94 -99.16 99.67
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FIG 1 Heatmap constructed with dDDH values (formula 2) and corresponding phylogram. Numbers in x-axis represent the strains indicated in the
y-axis. Highlighted clades represent genomic groups of strains with dDDH values higher than 79%.
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Among the genes and approaches used for phylogenetic analysis and species
delineation, the gene recA yielded results similar to those obtained through genomic
methods (Fig. 2). Therefore, this gene could be used in labs as a cheaper and accurate
alternative method to distinguish Serratia species as opposed to sequencing multiple
genes or the whole genome.
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FIG 2 Phylogenetic tree indicating the current taxonomic placement and identity of 42
Serratia spp. complete genomes. The phylogenetic tree was constructed in MEGA 6.06
based on complete nucleotide sequences of the recA gene (890 bp) aligned in MAFFT
(87-89). The tree construction method was Maximum Likelihood with the TN93 model
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incorporating invariant sites and gamma distribution. Bootstrap values were calculated
with 1,000 resamplings and values higher than 70% are shown on the appropriate
branching points. The letter T refers to the type strain of the species.

Serratia pan-, core- and accessory genomes. The present study conducted an in
silico pan-genome analysis among 42 Serratia spp. genomes isolated from distinct
geographic locations and with diverse lifestyles. As expected, the analysis revealed an
open pan-genome (Bpan=0.327163) with 12,881 gene families and the core genome size
decreased as more strains were added (Fig. 3A). The core genome of Serratia spp.
comprises 546 genes, distributed in 13 families. These conserved genes were categorized
into five COG categories responsible for basic cellular functions, of which 54.43% are
involved in amino acid transport and metabolism (E) and 15% of protein functions are
related to transcription (K) and cell wall/membrane/envelope biogenesis (M) (Fig. 3B).
These findings are consistent with results obtained from comparative analysis between
10 Serratia strains (41). On the other hand, Basharat and Yasmin (54) used a different
approach to calculate the Serratia spp. pan and core-genome. Their analysis included
draft genomes (100 strains total) and several tools. They found a core genome of 972
genes/100 genomes, twice as much the results obtained in this present study using 42
genomes.

The accessory genome (dispensable set of genes) varied from 1,864 genes (S.
rubidaea FG194) to 4,469 (S. marcescens N4-5). Analyzing further the unique (strain-
specific/singletons) genes, we observed that among the five genomes with the highest
amount of unique genes three strains are from S. fonticola species and two from S.
rubidaea. The strain S. fonticola FDAARGOS 411 has the largest amount of unique
genes (448) while the strains S. marcescens UMH10, S. plymuthica AS9, AS13 do not
harbor singletons. Accordingly, S. fonticola displays the highest numbers of genes and
proteins as seen in Table 1.

Approximately 50% of the Serratia unique genes and the accessory genome are
categorized into the same five COG categories in which 15.08% of unique genes are in
the general function category (R), 13.07% in transcription (K), 8.04% are related with
both carbohydrate transport and metabolism (G) and function unknown (S) and 7.40% of
genes are responsible for amino acid transport and metabolism (E). The accessory genes
accounted for similar percentages (Fig. 3B). Among all the genomes, a total of 622
accessory sequences, 448 singletons and 3 core genes were identified with atypical GC

content. These three conserved genes code for two glutamine synthases (amino acid
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synthase activity) and an APC family permease (transmembrane transporter activity).
Analysis of exclusively absent sequences showed that 93% of the organisms have six
exclusively missing genes (data not shown).
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FIG 3 Pan- and core-genome curves (A), calculated with 42 Serratia spp. complete
genome sequences and its COG distribution (B). The COG categories are: [D] Cell cycle
control, cell division, chromosome partitioning; [M] Cell wall/membrane/envelope
biogenesis; [N] Cell motility; [O] Post-translational modification, protein turnover, and
chaperones; [T] Signal transduction mechanisms; [U] Intracellular trafficking, secretion,
and vesicular transport; [V] Defense mechanisms; [J] Translation, ribosomal structure
and biogenesis; [K] Transcription; [L] Replication, recombination and repair; [C] Energy
production and conversion; [G] Carbohydrate transport metabolism; [E] Amino acid
transport and metabolism; [F] Nucleotide transport and metabolism; [H] Coenzyme
transport and metabolism; [1] Lipid transport and metabolism; [Q] Secondary metabolites
biosynthesis, transport and catabolism; [P] Inorganic ion transport and metabolism; [R]
General function prediction only; [S] Function unknown.
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Serratia secretion systems have complex nonstandard genetic organization.
Secretion systems are important bacterial machineries for expelling proteins and genetic
material into the environment and/or other prokaryotic and eukaryotic cells. Here we
present the genetic organization displayed in two type V1 secretion system (T6SS) loci, a
type IV (T4SS) and a non-flagellar type 11l secretion system (NF-T3SS) in organisms
within the Serratia genus (Fig. 4). The type V1 SSs are different from each other, in terms
of genomic order of conserved genes and presence/number of these genes. These
diferences are also seen among species and organisms. In the T6SS with approximately
15 core components (T6SS-15), eighteen S. marcescens genomes show synteny thus
forming four groups with the same genetic organization (Fig. 4A). Contrary to what was
expected, these synteny groups are not composed by strains from the same genomic
subgroup highlighted in figure 1. The same result was observed in both syntenic groups
in the second T6SS loci (Fig. 4B). The S. marcescens strains B3R3, UMH2, UMH7, FS14
and WW4 have the same organization pattern for both T6SS loci. Among the S.
marcescens strains, the genes VgrG, VCA0113, VCA0114, vasF, vasK, impM, VCA0119
and VCAO0107 follows the same organization pattern in T6SS-15 (Fig. 4A). Strain RSC-
14 is the only S. marcescens that does not have the T4SS virB7 gene flaking the VCA0113
gene. The posterior half of this locus varies in number and position of non-core gene
components. For instance, strain U36365 is the only that has the gene vasK duplicated.
The genes VCA0113, VCAOQ114, vasF are present and together in all Serratia spp.
genomes for the T6SS-15 locus, whereas S. plymuthica PRI-2C is the only with a non-
core gene between VCA0114 and vasF genes. Serratia fonticola strain DSM4576 is the
only microorganism that does not harbor a copy of VgrG gene in the T6SS-15 locus and,
interestingly, it is also the only one vasH gene in both T6SS loci. VasH is a well known
T6SS core component responsible for this system’s transcriptional regulation (55). Five
“exogenous” genes were found in the both T6SS loci: virB7, virB11 and traP from T4SS
and fleS amd motB from NF-T3SS. The genes VgrG and vasH from T6SS were found in
one T4SS cluster (Fig. 4C), vasH was also found in the S. rubidaea T3SS clusters (Fig.
4D). Both genes fleS and motB were not present in Serratia spp. NF-T3SS.
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FIG 4 Complexity of Serratia spp. T6SS, T4SS and NF-T3SS genetic arrangement. (A)
Type VI secretion system with approximately 15 core components, T6SS-15. Strains in
pattern 1: N4-5 and UMHL. Strains in pattern 2: UMH8, UMH10, UMH11 and UMH12.
Strains in pattern 3: B3R3, UMH2, UMH7, FS14, SCBI and WWA4. Strains in pattern 4:
SM39, SMB2099, smUNAM836 and UMH9. (B) Type VI secretion system with
approximately 11 core components, T6SS-11. Strains in pattern 1: B3R3, RSC-14,
UMH2, UMH6, UMH7, FS14 and WW4. Strains in pattern 2: U36365, CAV1492 and
SCBI. (C) Type IV secretion system factors G, P, F and I. (D) Non-flagellar type Il
secretion system. (E) Color code for the genes in each secretion system cluster. Dark gray
represents genes in the context, non-core components of the secretion system. Bold dots
indicate which clusters are not in Genomic Islands. Numbers flanking the clusters indicate
the genome positions (Mb) of the secretion system identified.

Similar to the type VI SS, the type IV also showed an inter and intraspecies
variation. There are four T4SS factors present in Serratia strains, namely G-, P-, F- and
I-type systems. The most frequent factor is T4SS-G, 80% of the genomes. The F-type
system only one organism and the P- in two. However, the gene traBF from F-factor was

only found in microrganisms whith G-factor. The icmL gene is only one I-type system
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and it was found in two strains in T6SS-11 and one in T6SS -15. S. proteamaculans 568
is the only genome that has more than one copy (three) of T4SS. Thirty nine genomes
harbor at least one type IV or V1 secretion systems and only three genomes have the non-
flagellar type 11l secretion system apparatus, namely S. fonticola DSM4576 and both S.
rubidaea strains. The S. rubidaea isolates have exact same organization of the non-
flagellar T3SS. The strain S. fonticola DSM4567 is the only that has the three secretion
system types studied here, from wich only the type VI was not found in genomic island.

Among the plant beneficial isolates only two have both T6SS and T4SS (S.
fonticola DSM4567 and S. proteamaculans 568), the others have either one or the other
except the strains S. plymuthica S13 and 4Rx13 that do not have T6SS and T4SS
machineries. Ninety percent of clinical isolates harbor at least one T6SS locus and 46.67%
of genomes with T4SS are clinical. On the other hand, the insect pathogenic strains have
only the T6SS. Our results show the presence of T6SS in most lifestyles, namely clinical,
plant pathogen, plant associated, insect pathogen, symbiont and environmental (Table 2).

Serratia genomes code multiple secondary metabolites BGC with wide range
of biological functions. An in silico prediction of secondary metabolite biosynthetic gene
clusters (BGC) revealed 17 potentially produced metabolites. Among these, seven are
antibiotics namely althiomycin, bacillomycin, microcin H47, PM100117/PM100118,
prodigiosin, pyrrolnitrin, and zeamine (56-63). The antitumor macrolides
PM100117/PM100118 were present in all 42 genomes studied. The BGC similarity was
21% for all strains, except S. liquefaciens HUMV-21 which was 15%. This means that
21% of genes found in Serratia genomes PM100117/PM100118 clusters are similar to
those in the BGC database. The similarity of genes in the zeamine, pyrrolnitrin and
althiomycin biosynthetic clusters is 100% for all the strains that code these antibiotics.
Similarly, bacillomycin biosynthetic cluster in Serratia has 20% of the genes similar to
the BGC database and it is coded by all S. marcescens strains. On the other hand,
prodigiosin genes similarity varies from 12% to 100%. There is a negative correlation
between prodigiosin, pyrrolnitrin and althiomycin. The strains that have genes in
biosynthetic prodigiosin cluster do not harbor the pyrrolnitrin and althiomycin BGCs, and
vice-versa. Microcin H47 is only coded by S. marcescens strains. Some strains do not
have Microcin H47 BGC, including the strains FS14 and WW4 (same subgroup), UMH5
and all organisms in the fourth genomic subgroup (strains UMH7, UMH2, RSC-14,
UMHG6 and SCBI). The isolates S. fonticola GS2, DSM4576, FDAARGOS 411, S
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liqguefaciens ATCC27592, FDAARGOS_125, HUMV-21 and S. proteamaculans 568 do
not harbor any other antibiotic gene cluster besides PM100117/PM100118.

Other metabolites are cell-associated compounds, such as capsular polysaccharide
(CPS), colanic acid, lipopolysaccharide and O-antigen. These compounds are often
related with pathogenesis, biofilm formation and cell adhesion (64-69). Capsular
polysaccharide BGC is common throughout Serratia species. However, the isolate 3Re4-
18 is the only S. plymuthica without this polysaccharide. The second subgroup within S.
marcescens, strains SM39, SMB2099, smUNAMS836, UMH3 and UMH9 does not code
for this polysaccharide. The O-antigen BGC was found in 40 genomes from which
antiSMASH identified two clusters in 24 organisms (FIG 5, Table 2).

The remaining six metabolites have different functions, such as siderophore
(turnerbactin and vibriobactin) (70, 71), vitamin K2 (menaquinone), lipodepsipeptides
(taxlllaid)(72); antioxidative carotenoids (APE Ec)(73) and volatile organic compound
(sodorifen)(74). Taxlllaid, isolated from the enthomopathogenic bacteria Xenorhabdus
indica, was present in all genomes except S. marcescens UMHS5 and S. rubidaea strains
FGI194 and 1122. Aryl polyenes (APE Ec) is present in all Serratia genomes; however, in
S. marcescens the strain Db11 is the only one with this metabolite BGC. In the other
species, S. fonticola strain DSM4576 is the only isolate without APE Ec genes. Strain
FS14 is the only genome besides the S. plymuthica strains to code sodorifen and it has
50% similarity whereas all the S. plymuthica genomes have 100% similarity.

Sixteen metabolites were exclusively present in one organism. Here we highlight
oocydin A coded by S. plymuthica strain 4Rx13 (91% similarity), an anti-tumor and anti-
oomycete compound; indigoidine, a blue-pigment anti-oxidant with antimicrobial
acitivity coded by S. proteamaculans 568 (80%) and toxoflavin, a phytotoxin with
antibiotics properties coded by S. ficaria NCTC12148 with 50% of genes similar to BGC
(75-78). The other 13 compounds similarity were under 40% (data not shown).

Additional advantageous features in Serratia spp. CRISPR arrays make up the
bacterial defense mechanism against exogenous DNA/RNA, such as phages (48). We
report the presence of this immune system in 10 Serratia strains, namely: S. fonticola
DSM4576 (3 arrays), S. marcescens B3R3 (1), CAV1492 (2), N4-5 (2), S. plymuthica
4Rx13 (1), AS9 (1), PRI-2C (2), AS12 (1), AS13 (1) and S. rubidaea FG194 (4). The
arrays were not found in genomic islands; therefore, they are naturally occurring features
in these Serratia genomes. However, some of these arrays were not reported in the

genome annotation available at GenBank. Other questionable arrays were predicted in
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these genomes cited above and in six others (S. fonticola FDAARGOS 411 and GS2, S.
marcescens UMH12, FS14 and SCBI and S. proteamaculans 568).

Chitinases are enzymes that also play key role in bacterial survival in nature (79).
These compounds provide bacteria that produce it great competitive advantage against
fungi. Among the seven Serratia species studied here, five harbor the chitinase genes
chiA and chiB. Serratia fonticola and S. rubidaea genomes do not harbor these genes.
This means that 88% of Serratia strains potentially produce chitinases.
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FIG 5 Secondary metabolites biosynthetic gene clusters distribution in Serratia spp. Bar
size represents the percentage similarity of genes with BGCs. Strains between dashed
lines have dDDH higher than 79%. Star symbol indicate strains associated and/or
beneficial to plants, triangle are clinical strains, bold dots are entomopathogens, letters
“S” and “e” are symbionts and environmental, respectively.
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DISCUSSION

Bacteria are dynamic beings, able to modify constantly their gene content in order
to adapt and to thrive in nature (80, 81). These modifications result in genome
discrepancies beyond what is expected for interspecific variation but it is also observed
in strains from the same species (82). Therefore, this intraspecific variation should be
taken into consideration when using genome-based analysis to delineate species.
Rossell6-Méra (83) when discussing prokaryotic taxonomy based on genomic metrics
highlighted that the DDH value of 70% could not be used as an absolute cutoff for species
delineation. According to this author, DDH values between 60 and 70% still encompass
genomes belonging to same species, which our results showed to be true for Serratia.

Bacterial genome variation affects also the comparative analysis. We did not
observe a clear-cut relationship between closely related Serratia genomes with their
genetic organization of SSs, presence and similarity of secondary metabolite BGCs and
CRISPR arrays and to the lifestyle each strain exhibits (Table 2). However, there is a
trend in genetic organization of the secretion systems in strains from the same species.
Even though Bacteria are promiscuous organisms - with the ability of gaining/losing
genetic information fairly easy (84) - we still were able to find relatevily large conserved
regions in the SS clusters. We propose that horizontally transferred secretion systems are
adpatative acquisitions that provide competitive advantage to organisms that hold these
apparatus. Similarly, there is also a trend in distribution of secondary metabolite BGC
among strains from the same genomic subgroup. The discrepancy between genome
content and phenotypes could be due to the fact that the strains were isolated from
different sources and geographic locations. Yatsunenko et al (85) when analyzing human
gut microbiome isolated from different sites and countries, observed pronounced
variations in the assemblies and their proteomes. Therefore, the origin of each strain is a
weighty factor in comparative genomics. Besides origin, the acessory genome that each
organism carries can justify the variety of lifestyles exhibited. Overall, even though some
species were not represented in this study the Serratia complete genomes available

enabled a better understanding of the genus.
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TABLE 2 Overall Serratia lifestyles distribution and their attributes.

Lifestyles Clinical Plant Plant Insect Svmbiont Animal Envi tal
Features inica Pathogen  Associated Pathogen ymbion Associated nvironmenta
T6SS 19/21 1/1 08/15 212 2/2 0/0 1/2
T4SS 07/21 1/1 07/15 0/2 0/2 0/0 0/2
NF-T3SS 01/21 0/1 01/15 0/2 1/2 0/0 0/2
CRISPR 01/21 1/1 07/15 0/2 1/2 0/0 0/2
Chitinases 18/21 1/1 13/15 212 1/2 0/0 212
Althiomycin 05/21 0/1 00/15 1/2 0/2 0/0 0/2
Prodigiosin 09/21 1/1 06/15 0/2 0/2 0/0 1/2
Pyrrolnitrin 01/21 0/1 02/15 0/2 1/2 0/0 0/2
CPS 04/21 1/1 11/15 0/2 1/2 0/0 212
O-antigen 21/21 11 13/15 2/2 212 0/0 212

MATERIAL AND METHODS

Whole genome sequences. All complete genome sequences of strains classified
within the genus Serratia that were available in GenBank database by 24" November of
2017 were used in the study (Table S1). Draft genomes were not included in the analysis,
therefore the species Serratia aquatilis, S. entomophila, S. glossinae, S. grimesii, S.
myotis, S. nematodiphila, S. odorifera, S. oryzae and S. quinovorans were not represented
in this study. The nomenclature of the strains used is the same as it is on GenBank.

Phylogenetic and phylogenomic analysis. The nucleotide sequences of the genes
168, ftsz, groEL, groES, gyrB, recA, rpoD of the 44 genomes were aligned using MAFFT
online service (86, 87). Type strains were included only in the 16S analysis. The
phylogenetic trees og the seven genes concatenated (MLSA) and for each gene
individually were constructed in MEGAG6 (88) using the maximum likelihood method
with 1000 bootstrap replicates. The analysis of bacterial species based on whole genome
sequence similarity was performed by comparing the strains using the genome-to-genome
distance calculator 2.1 (http://ggdc.dsmz.de/distcalc2.php) to obtain DNA-DNA
Hybridization in silico (dADDH), with cutoff of 60% for species delineation (4). A heatmap
and the corresponding phylogram were constructed on R based on dDDH values from
GGDC’s formula 2. Additionally, the average nucleotide identity (ANI) based on BLAST
and on MUMmer (ANIb and ANIm) were obtained by pairwise genome comparisons
using the web-tool JspeciesWS (http://jspecies.ribohost.com/jspeciesws/)(89). For ANI
analyzes the cutoff was 94% to delineate genomes belonging to the same species (7). The
PEPR program (Phylogenomic Estimation with Progressive Refinement) was used to
generate a phylogenomic tree. This is an automated system for generation of

phylogenomic trees from amino acid sequences by a maximum likelihood algorithm
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(RAXML). It identifies the common orthologs among all genomes, filters out genes that
have been transferred horizontally, aligns, concatenates sequences, and generates a tree.
Pan- and core-genome definitions. The Bacterial Pan Genome Analysis tool
(BPGA) was used to construct the updated Serratia Pan, Core and Accessory genome and
its categorization into COG functions (90). BPGA calculates curve fitting using the
power-law regression model for the pan-genome data (Ypan = Apan + XBP2" + Cpan) and an
exponential curve fit model for the core-genome data (Ycore = Acore + € *+ Ceore). Bpan
parameter will estimate weather the pan-genome is open or closed, i.e 0 < Bpan <1
indicates the pan-genome is open (91). BPGA scripts were also used for atypical GC
content analysis and exclusive gene absence. Pan and core-genome profile curves and
COG distribution were plotted with gnuplot integrated in the BPGA pipeline.
Comparative genomics. The 42 Serratia spp. genomes were compared in search
for differences and similarities regarding their production of secondary metabolites,
secretion systems genetic organization, presence of chitinases and CRISPR arrays. The
type I, IV and VI secretions systems (T3SS, T4SS and T6SS) were predicted by the
software T346Hunter (92). The secondary metabolite biosynthetic gene clusters (BGC)
were identified using antiSMASH 4.0.2 (93). From the 55 secondary metabolites
identified, 17 were selected for analysis and are displayed in figure 5. The selection
criteria were: to be present in at least 10% of the strains and the cluster should have at
least 20% of the genes similar to those in the known biosynthetic cluster found in the
BGC database. Chitinases sequences, chiA and chiB, were searched against the proteome
of all 42 organisms using BLASTp (94). Chitinases chiC and chiD are 87% similar (100%
cover) therefore to avoid biased results of these two genes were left out of the analysis.
The CRISPR arrays and the genomic islands (Gls) were identified using the web-based
tools CRISPRfinder and IslandViewer 3, respectively (95, 96). Some of the attributes
identified above were compared (in terms of presence/absence) between strains exhibiting
same lifestyle category, such as Clinical, Plant Pathogen, Plant Associated, Insect
Pathogen, Symbiont, Animal Associated and Environmental (Table 2). Strains
categorized into “Clinical” were either isolated from hospitalized patients or found to be
human pathoges. Organisms associated with plants are endophytes, rhizobacteria, plant
growth promoters, biocontrol agents and nitrogen-fixing bacteria. Strains associated
symbiotically with fungi, insects, etc. were categorized as Symbionts. “Animal

Associated” are strains found in association with animals, for example mammals and
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invertebrates. The “Environmental” category includes strains isolated from water, soil

and air or that do not display any specific lifestyle described above.
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Supplementary Table S1
Table S1. Genomic relatedness values between the strain N4-5 and other Serratia spp.
genomes calculated with genomic metrics.

Organism DDH ANI AAl

S. marcescens B3R3 74.2 96.41 97.66

S. marcescens U36365 74.3 96.58 97.82

S. marcescens UMHS8 90.3 98.68 99.06

S. marcescens WW4 72.8 96.40 96.15

S. liquefaciens ATCC 275927 34.8 82.88 85.77
S. ficaria NCTC121487 24.8 87.06 87.65

S. fonticola DSM45677 27.2 79.91 79.61

Values in percentage. ANI was calculated based on BLAST and DDH on formula 2. Values in bold
indicate they are above the threshold to belong to same species, namely 70, 95 and 95%.

Supplementary Table S2
Table S2. List of the genomes with extra copies of the 5S rRNA gene.

Species Strain Acession n° Source Posicdo
S. marcescens B3R3 CP013046.2 Wang et al., 2015 5° operon C
S. marcescens CAV1492 CP011642.1 Sheppard et al., 2015, unpublished 6° operon
S. marcescens Db11 NZ_HG326223.1 Iguchi et al., 2014 3° operon C
S. marcescens RSC-14 CP012639.1 Khan et al., 2017 6° operon
S. marcescens SM39 NZ_AP013063.1 Iguchi et al., 2014 3° operon C
S. marcescens SMB2099 NZ_HG738868.1 Yao et al., 2017, unpublished 5% operon C
S. marcescens SMUNAMS836 CP012685.1 Sandner-Miranda et al., 2016 3° operon C
S. marcescens U36365 CP016032.1 Sahni et al., 2016 5% operon C
S. marcescens UMH1 NZ_CP018915.1 Anderson et al., 2017 3°operon C
S. marcescens UMH2 NZ_CP018924.1 Anderson et al., 2017 3° operon C
S. marcescens UMH3 NZ_CP018925.1 Anderson et al., 2017 3°operon C
S. marcescens UMH5 NZ_CP018917.1 Anderson et al., 2017 3° operon C
S. marcescens UMH6 NZ_CP018926.1 Anderson et al., 2017 3°operon C
S. marcescens UMH7 NZ_CP018919.1 Anderson et al., 2017 3° operon C
S. marcescens UMHS8 NZ_CP018927.1 Anderson et al., 2017 3°operon C
S. marcescens UMH9 NZ_CP018923.1 Anderson et al., 2017 3° operon C
S. marcescens UMH10 NZ_CP018928.1 Anderson et al., 2017 3°operon C
S. marcescens UMH11 NZ_CP018929.1 Anderson et al., 2017 3° operon C
S. marcescens UMH12 NZ_CP018930.1 Anderson et al., 2017 3°operon C
S. marcescens wWw4 NC_020211.1 Chung et al., 2013 5° operon C
S. marcescens FDAARGOS_65 NZ_CP026050.1 Sichtig et al., 2018, unpublished 6° operon
S. marcescens AR_0027 NZ_CP026702.1 Colan et al., 2018, unpublised 6° operon C
S. marcescens AR_0091 NZ_CP027533.1 Colan et al., 2018, unpublised 3° operon C
S. marcescens AR_0099 NZ_CP027539.1 Colan et al., 2018, unpublised 6° operon C
S. marcescens AR 0124 NZ_CP028946.1 Colan et al., 2018, unpublised 2° operon C
S. marcescens AR_0130 NZ_CP028947.1 Colan et al., 2018, unpublised 5° operon C
S. marcescens AR 0123 NZ_CP028948.1 Colan et al., 2018, unpublised 6° operon
S. marcescens AR 0121 NZ_CP028949.1 Colan et al., 2018, unpublised 6° operon

S. ficaria NCTC12148 NZ_LT906479.1 NCTC 5% operon C
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S. fonticola DSM 4576 NZ_CP011254.1 Limetal., 2015 2° operon C
S. fonticola FDAARGOS 411 Nz _CP023956.1  Minogue et al., 2017, unpublished 6° operon C
S. fonticola GS2 CP013913.1 Jung et al., 2016, unpublished 1°e 8° operon C
S. liquefaciens ATCC 27592 CP006252.1 Nicholson et al., 2013 4° operon C
S. liquefaciens FDAARGOS 125 CP014017.1  Goldberg et al., 2016, unpublished 6° operon
S. liquefaciens HUMV-21 NZ_CP011303.1 Lazaro-Diez et al., 2015 1° operon
S. plymuthica 3Re4-18 CP012097.1 Adam et al., 2016 6° operon C
S. plymuthica 3Rp8 CP012096.1 Adam et al., 2016 6° operon
S. plymuthica 4Rx13 CP006250.1 Weise et al., 2013 5° operon C
S. plymuthica AS9 CP002773.1 Neupane et al., 2012a 5% operon C
S. plymuthica PRI-2c NZ_CP015613.1 Schmidt et al., 2017 5° operon C
S. plymuthica S13 CP006566.1 Muller et al., 2013 5° operon C
S. proteamaculans 568 CP000826.1 Copeland et al., 2007, unpublished 5% operon C
S. rubidaea 1122 CP014474.1 Yao et al., 2016 5° operon C
S. rubidaea FG194 CP003942.1 Aylward et al., 2013 5% operon C
Serratia sp. AS12 CP002774.1 Neupane et al., 2012b 5° operon C
Serratia sp. AS13 CP002775.1 Neupane et al., 2012c 5% operon C
Serratia sp. YD25 NZ CP016948.1 Suetal., 2016 3° operon C

Supplementary Figure S1
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Figure S1. Phylogenomic tree constructed with Serratia spp. complete genome sequences. The
tree was constructed using the Phylogenetic Tree Building Service available at PATRIC, using

the RAXML algorithm (Stamakis 2006).
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FIG S1 Phylogenetic tree based on nucleotide sequences of the 16S gene. The tree
construction method was Maximum Likelihood with the Kimura 2-parameter model
incorporating invariant sites and gamma distribution.
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FIG S2 Phylogenomic tree constructed with 42 Serratia spp. complete genomes
sequences. The tree was constructed using the Phylogenetic Tree Building Service
available at PATRIC, using the RAXML algorithm (Stamakis 2006).
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FIG S3 Phylogenetic tree based on nucleotide sequences of the ftsz gene. The tree
construction method was Maximum Likelihood with the Kimura 2-parameter model

incorporating invariant sites and gamma distribution.
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FIG S4 Phylogenetic tree based on nucleotide sequences of the groES gene. The tree
construction method was Maximum Likelihood with the Kimura 2-parameter model with
gamma distribution.
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FIG S5 Phylogenetic tree based on nucleotide sequences of the gyrB gene. The tree

construction method was Maximum Likelihood with the TN93 model incorporating

invariant sites and gamma distribution.
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FIG S6 Phylogenetic tree based on nucleotide sequences of the rpoD gene. The tree
construction method was Maximum Likelihood with the Kimura 2-parameter model
incorporating invariant sites and gamma distribution.
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FIG S7 Phylogenetic tree based on concatenated nucleotide sequences of the genes 16S,
ftsz, groEL, groES, gyrB, recA and rpoD (MLSA). The tree construction method was
Maximum Likelihood with the GTR model incorporating invariant sites and gamma
distribution.
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FIG S8 Phylogenetic tree based on nucleotide sequences of the groEL gene. The tree
construction method was Maximum Likelihood with the Kimura 2-parameter model
incorporating invariant sites and gamma distribution.



