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various infections and has emerged as a nosocomial patho-
gen (Mezzatesta et al. 2012). Despite the presence of E. 
cloacae in diverse environments, their pathogenic mecha-
nisms and features contributing to virulence, and antibiotic 
resistance are not understood yet. Due to the high preva-
lence of β-lactamases and carbapenemases, this organism 
is involved in nosocomial infections after Escherichia coli 
and Klebsiella pneumoniae (Jarlier and INVS 2014). WHO 
(World Health Organization) has declared the Enterobacter 
species among the top ten pathogens with multiple drug 
resistance (Rello et al. 2019). The other member, E. aero-
genes also show virulence due to the horizontal acquisition 
of antibiotic resistance genes and mobile elements from 
other Enterobacteriaceae species, which are integrated into 
the genome as its own ancestral heritage (Diene et al. 2013).

Among the Enterobacteriaceae, E. cloacae are ubiqui-
tous in terrestrial and aquatic environments, and are also 
commonly found in the intestinal microflora of humans 

Introduction

The Enterobacter genus belongs to the gram-negative rod-
shaped bacteria, facultative anaerobe, non-spore-forming, 
belonging to Enterobacteriaceae family. E. cloacae is 
mainly known as an opportunistic pathogen that causes 
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Abstract
Here, we report the comprehensive genome analysis of Enterobacter cloacae SBP-8 and its pan-genome comparison to 
other Enterobacter species. Genome comparison was performed by the BioRing Image Generator Tool, which predicted its 
genome similarity to other closest strains. Detailed annotations of the genome revealed different families of carbohydrate-
degrading enzymes (CAZymes) that might be involved in the degradation of decaying plant materials with industrial 
significance for biomass research and the food industry. Moreover, the microbial secretome contains a number of proteins 
that generally interact with other microbes, environmental space, and the host. The secretion of proteins is performed by 
the secretory system present in the bacterial cell, however, only a few secretome proteins have been studied in limited 
bacterial strains. Therefore, we explored the secretome analysis of E. cloacae SBP-8 by nano LC-MS/MS and identified 
776 proteins that provide insight into the role of these proteins in bacterial adaptation to different environments. The sec-
retome proteins were classified into molecular, biological, and cellular functions using Blast2GO, whereas the subcellular 
localization was predicted by the PSORB tool. Many of the secretome proteins belonged to virulence proteins including 
Type VI secretion system (T6SS) proteins, chemotaxis & fimbriae formation proteins, outer membrane proteins (OMPs), 
and exotoxin secretion. Moreover, STRING analysis showed the interaction among the identified proteins. The detailed 
investigations of secretome proteins may provide an understanding of the possible pathogenicity of test organism E. cloa-
cae SBP-8, and is also clinically important for the development of biomarkers and therapeutic approaches.
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and animals. This habitat diversity resulted in the genetic 
variety of E. cloacae (Mezzatesta et al. 2012). Despite 
their prominent role in virulence, previous studies (Bhise 
et al. 2017; de Zélicourt et al. 2018), demonstrated the 
role of Enterobacter sp. as a plant growth-promoting 
microorganism, and the genome sequence was analyzed 
to unravel the plant growth-promoting genes (Andrés-
Barraoet al. 2017). In our previous study (Singh et al. 
2017), we observed the various plant growth-promoting 
genes in SBP-8, however, detailed analysis of the genome 
was lacking. Therefore, in the present study, we investi-
gated the presence of antibiotic resistance genes using the 
CARD (comprehensive antibiotic resistance database), 
virulence factors by the VFDB (virulence factor database), 
secondary metabolite production using antiSMASH, the 
presence of CAZymes family enzymes, metabolic path-
way genes using the KEGG (kyoto encyclopedia of genes 
and genomes) database, and pan-genome analysis.

The extracellular metabolites secreted by Enterobac-
ter species might also help the microorganism survive 
under stressful conditions. Genome analysis of E. cloa-
cae ‘Ghats1’ unravel various genes related to chemotaxis, 
motility and hydrolytic enzymes, which supports the endo-
phyte nature of the bacterium that colonizes and adapts to 
plants (Shastry et al. 2020). Genome analysis of E. cloacae 
ATCC identified multidrug efflux genes (37), antimicrobial 
resistance (7), β-lactamase (11), and operons (7) involved 
in heavy metal resistance (Ren et al. 2010). The genome 
analysis predicted CAZymes that have a prominent role in 
the production of biofuels, and various food products with 
prebiotic characteristics etc. (Linares-Pasten et al. 2014). 
In a previous study, we reported the preliminary genome 
analysis of test isolate SBP-8 (Singh et al. 2017), however, 
detailed genome investigation was lacking.

Genomic assessment only allows the theoretical predic-
tion of genes, however, proteomic approaches are adequate 
to evaluate the protein profiles in particular conditions like 
culture growth phase, temperature, and growth medium etc., 
to compare the exact sets of proteins expressed in a particu-
lar condition (Chitlaru and Shafferman 2009). Moreover, 
it leads to a detailed characterization of secreted proteins 
involved in drug resistance and furthermore, these secreted 
proteins represent a valuable target as a future drug (Van 
Oudenhove and Devreese 2013; Ding et al. 2020). The sec-
retome analysis of Bacillus velezensis LC1 demonstrated a 
large number of proteins involved in the degradation of cel-
lulase, and hemicellulase etc. by using LC-MS/MS (liquid 
chromatography with tandem mass spectrometry) (Tang et 
al. 2019). The secreted proteins of Burkholderia cepacia 
such as proteases, cytotoxins, and hemolysins cause life-
threatening infections in cystic fibrosis patients (Carvalho 
et al. 2007).

The genomic and comparative genomic analyses only 
provide information about the presence and absence 
of genes in a particular strain, however, the secretome 
analysis reflects the secreted proteins and their possible 
contribution to the bacterial lifestyle. The secreted pro-
teins may also modulate the immune system of the host 
for virulence effects (Lee and Schneewind 2001), there-
fore, secretome analysis unravels the proteins involved 
in pathogenesis and virulence, if any (Wang and Wang 
2019). The factors involved in virulence may not be pre-
dicted at the genomic level, therefore, we analyzed the 
extracellular proteome of E. cloacae SBP-8 using the 
LC-MS/MS approach. Overall, 776 proteins were identi-
fied in the culture supernatant, and further detailed analy-
sis was performed.

Materials and methods

Genome analysis of SBP-8

In brief, the selected strain was isolated from the rhizo-
spheric soil of Sorghum bicolor growing in the desert 
region of Rajasthan, India (28°18′N, and 74°58′E). De-novo 
genome sequencing was performed by the Illumina Paired-
end (PE) sequencing platform and Illumina paired-end raw 
reads were quality-checked using FastQC. De-novo assem-
bly of Illumina PE data was performed using the SPAdes 
assembler and assembled contigs were further scaffolded 
using the SSPACE program. The gene ontology of SBP-8 
was performed against the Uniprot Bacterial Database using 
the Diamond Blast Program (Buchfink 2015), and pathway 
analysis was carried out using the KAAS database (Moriya 
et al. 2007). The gene sequences were used for metabolic 
pathway analysis by using BLAST comparisons against the 
manually curated KEGG (Kanehisa et al. 2004). The com-
parison and annotation of orthologous gene clusters were 
analyzed using Orthovenn2 using default parameters using 
protein sequences of E. cloacae SBP-8 (NZ_CP017413.1), 
E. mori LMG 25,706 (NZ_GL890780.1), E. cancerogenus 
ATCC 35,316 (LR593888.1), E. cloacae ATCC 13,047 
(NC_014121.1), E. cloacae GS1 (AJXP01000001.1), and 
E. cloacae subsp. dissolvens SDM (CP003678.1) (Xu et 
al. 2019). The genomic island of SBP-8 was predicted by 
IslandViewer4 (Bertelli et al. 2017). These genomes were 
selected based on the closest similarity in the RAST data 
base. The circular genome comparison of SBP-8 was per-
formed against the reference genomes of E. cloacae GS1, E. 
cloacae ATCC 13,047, E. cloacae subsp. dissolvens SDM, 
E. mori LMG 25,706, and E. cancerogenus ATCC 35,316 
using the BRIG (Blast Ring Image Generator) Tool (Alikhan 
et al. 2011). The secondary metabolite biosynthetic gene 
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clusters (BGCs) were identified by antiSMASH version 
5.1.2 and BAGEL-4 and the cluster finder algorithm was 
used to detect BGC-like regions in the genome (Weber et al. 
2015; Blin et al. 2019).

Pan-genome analysis

To identify the presence of core genes and shared genes 
among the selected genome, pan-genome analysis was 
performed using Roary 3.11.2 with default settings. The 
PROKKA 1.14.5 was used for the generation of GFF3 
genome files for selected genomes including SBP-8 (See-
mann 2014). The program SNP-sites 2.5.1 (https://github.
com/sanger-patho gens/snp-sites) was used for the analysis 
of the maximum likelihood (ML) phylogenetic tree (Page 
et al. 2016). For identification of core genes in the tested 
genome, Phandango was used and Roary software was used 
to assess the proportions of the pan-genome.

AMRs and CAZyme analysis

To identify the presence of any AMR genes in the SBP-8 
genome, CARD database was searched against the SBP-8 
genome sequence using a homology-based approach 
(BLASTX) (Mcarthur et al. 2013). To reveal the presence 
of CAZymes such as glycoside hydrolases (GHs), poly-
saccharide lyases (PLs), carbohydrate esterases (CEs), 
polysaccharide lyases (PLs), glycosyl transferases (GTs) 
and carbohydrate-binding modules CBMs, the protein 
sequences of E. cloacae SBP-8 was annotated using the 
dbCAN2 server (Zhang et al. 2018) against the CAZy data-
base (Buchfink et al. 2015a, b; Lombard et al. 2014).

Bacteria culturing for secretome study

A loopful of bacterial colonies of E. cloacae SBP-8 har-
vested from an LB-agar plate were inoculated into 5 ml of 
LB-broth medium (Himedia, India), and incubated at 37 ℃ 
on a rotator shaker at 180 rpm. After overnight incubation 
(approximately 18 h), the broth cultures were centrifuged at 
5,000 g for 20 min. To test the viability of bacteria, 100 µl of 
aliquots was spread on an LB-agar plate. The extracellular 
released proteins in the supernatants were separated and fil-
tered through a 0.2 μm filter to remove any residual bacteria.

The extracellular proteins in the supernatant were 
extracted by TCA precipitation following the standard 
method (Deatherage Kaiser et al. 2015) with minor modi-
fications. For the extraction, the ratio of TCA (100% w/v) 
to the supernatant was 1:4 and incubated at -20 ℃ for 
30 min. Further, the extracted protein in the broth was 
recovered in pellet form by centrifugation at 12,000 g at 
4 ℃ for 20 min. The obtained pellet was washed with 

500 µL cold acetone two times and desalting of the pro-
tein sample was performed by diluting the protein sample 
to 500 µL in lysis buffer. Further, ultracentrifugation was 
done through a 3 K Ultra-0.5 centrifugal filter device at 
14,000 g for 15 min at 4 ℃. The concentrated proteins 
from the columns were eluted in sterile collection tubes 
by another centrifugation at 2,000 g for 2 min at 4 ℃. A 
negative control containing only the broth medium was 
used in parallel.

Nano LC-MS/MS

Protein identification was performed using the nano LC-
ESI-MS/MS method at the proteomics laboratory (VPro-
teomics, India). The replicate protein samples from the 
secretome were pooled and tryptic digestion was per-
formed with 400 ng of proteins (Sigma-Aldrich, USA). 
The digested peptides were applied to nanoLC-ESI-MS/
MS (Shevchenko et al. 2006). The trapped peptides were 
desalted using 1% acetonitrile/0.5% formic acid as elu-
ent. The eluted peptides were separated on a C18, 75 μm 
× 150 mm column using a 5 to 40% acetonitrile /0.1% 
formic acid gradient within 2 h. The MS spectra were 
recorded as per the manufacturer’s instrument settings 
for nanoLC-ESI-MS/MS analyses with a scan range of 
300–1500 m/z (Advani et al. 2019). The identification of 
proteins was performed by the analysis of MS/MS spectra 
to the Mascot search engine and through a non-redundant 
protein database (Perkins et al. 1999).

Bioinformatics analysis

The signal peptides compelling the secretion of secre-
tome proteins were predicted using SiganlP (http://www.
cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004), and 
PSORTb (http://www.psort.org/psortb/) tools (Yu et al. 
2010). Proteins secreted by non-classical routes were 
determined by SecretomeP 2.0 http://www.cbs.dtu.dk/ser-
vices/SecretomeP/) (Bendtsen et al. 2005a). The lipopro-
teins were searched using LipoP (http://www.cbs.dtu.dk/
services/LipoP/) and PRED-LIPO (http://bioinformatics.
biol.uoa.gr/PRED-LIPO/input.jsp) (Bagos et al. 2008). 
The functional annotation of the secretome proteins was 
performed using Gene Ontology (GO) tool and Blast2GO 
(Conesa and Gotz 2008; Conesa et al. 2005). The func-
tional categorization of enzymatic proteins distributed in 
various metabolic pathways was predicted by the KEGG 
database. The presence of any virulence proteins was 
predicted by the Virulence Factor Data Base (Chen et al. 
2005). The protein-protein interaction was analyzed by 
STRING (von Mering et al. 2005).
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26), and OMR (21) etc. (Fig. 1a). KEGG analysis identi-
fied that the highest number of genes (175) belonged to 
ABC transporters, followed by the two-component system 
(146), purine metabolism (66), and quorum sensing (59) 
etc. (Fig. 1b). Using Island viewer, GI (genomic island) 
was identified in the E. cloacae SBP-8 genome which 
includes various proteases and survival proteins that assist 
the bacteria in survival under varying environments (Suppl. 
Figure 1).

Results

Genome analysis

The genome sequence of SBP-8 is available with Genbank 
accession no. CP016906. The functional analysis of COGs 
(clusters of orthologous groups) showed a good number 
of genes involved in LysR-family transcriptional regulator 
(65), MFS family permeases (55), type I fimbriae protein 
(30), DNA-binding transcriptional regulator (PurR family 

Fig. 1 a Kyoto Encyclopedia of Genes and Genomes (KEGG) were 
utilized for the retrieval of metabolic pathways of E. cloacae SBP-8 
genes. KAAS server at KEGG database used for genes functional 
annotation by BLAST comparison with the manually curated database 
of KEGG- GENES; 1b The cluster of orthologus analysis in E. cloacae 

SBP-8 using the COGs database based on orthologous groups. The 
identified genes in SBP-8 were divided into several functional subcat-
egories based on the COG annotation (http://www.ncbi.nlm.nih.gov/
COG/)
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closely related strains of SBP-8 belonged to E. cloacae 
MY490 and E. cloacae GGT036. The pan-genome showed 
that all strains contained 14,919 protein-encoding genes in 
their genome. Further analysis predicted that 1959 genes 
(21%) were core genomes, whereas 6587 genes (44%) were 
identified as shell genomes. A total of 6364 genes (40%) 
were identified as cloud genomes (Fig. 3b). The analysis 
showed that each strain contained 71 unique genes which 
correspond to approximately 2% of each genome (Fig. 3c).

Prediction of biosynthetic gene clusters (BGCs)

The anti-SMASH analysis identified genes clustering for 
non-ribosomal peptide synthesis (NRPS) like amonabac-
tin (Region 1), thiopeptides like O-antigen (Region 2), 
and siderophores like aerobactin (Region 3) (Fig. 4). As 
per anti-SMASH, amonabactin is confined in the nucleo-
tide position from approximately 1,238,311 to 1,282,171. 
The amonabactin gene cluster showed the highest similar-
ity of 60% to the bacillibactin region of Bacillus velezen-
sis FZB42 and 57% similarity to the amonabactin region 
of Aeromonas hydrophila ATCC 7966 (Fig. 4). The lowest 
similarity of 7% was observed for the malleobactin region 
of Burkholderia thailandensis E264. A 14% similarity of 
the thiopeptide gene cluster was observed for Pseudomo-
nas aeruginosa (Fig. 4). It is localized in the region from 
1,590,173 to 1,616,470. region 3 gene clusters belonging 
to aerobactin showed 100% similarity to Pantoea ananatis, 
66% similarity to Xenorhabdus szentirmaii DSM 16,338 and 
localized in the region from 3,095,268 to 3,109,696 (Fig. 4). 
Using BAGEL-4, we identified the gene cluster for outer 
membrane lipoprotein, molybdenum-containing enzyme 
dimethyl sulfoxide reductase, metabolic active enzyme for-
mate acetyltransferase, and phosphoserine aminotransferase 
etc. (Fig. 5; Suppl. Table 1)

AMRs and CAZy analysis

CARD analysis identified the antimicrobial resistance genes 
belonging to beta-lactam antibiotics, MFS-family of anti-
biotic efflux pumps, the ABC-antibiotic efflux pumps, the 
RND-family of antibiotic efflux pumps, and fosfomycin 

Comparative genome analysis

The genomic features of all strains used for comparative 
analysis have been summarized in Table 1. The Orthovenn2 
analysis demonstrated the presence of unique and shared 
proteins by the tested genome. It was found that six proteins 
were shared by all six species. Similarly, 127 proteins were 
shared by five species, 2206 shared by four species, 1551, 
and 456 shared among three, and two species, respectively 
(Fig. 2a). A total of 59 protein clusters were specific to only 
a single genome. Out of the 59 gene clusters, 16 belonged to 
E. cloacae ATCC 13,047, 14 to E. cloacae subsp. dissolvens 
SDM, 11 to E. cloacae SBP-8, 8 to E. cancerogenus ATCC 
35,316, and 3 belongs to E. cloacae GS1. In the cell graph, 
the first pattern shows the gene clusters, the second pattern 
represents the cluster counts and the third pattern in terms of 
the stacker bar displayed at the right position illustrates the 
total protein counts (Fig. 2b). The pairwise heatmap gen-
erated by SBP-8 and other five tested strains highlight the 
overlapping gene clusters in a pairwise manner. Between 
SBP-8 and E. cloacae GS1, the lowest thresholds of over-
lapping gene clusters were recorded (Fig. 2c).

The circular genome comparison of E. cloacae SBP-8 
was carried out against five reference genomes i.e. E. cloa-
cae GS1, E. cloacae ATCC 13,047, E. cloacae subsp. dis-
solvens SDM, E. mori LMG 25,706, and E. cancerogenus 
ATCC 35,316 using the BRIG (v 0.95) tool which helps to 
determine the homologous regions between sets of genomes. 
The output image shows the highest homology with the ref-
erence genome of E. cloacae 13,047 (98.7% identity and 
96% coverage), followed by E. cloacae subsp. dissolvens 
SDM (97.5% identity and 94% coverage), E. cloacae GS1 
(96.8% identity and 93% coverage), E. mori LMG 25,706 
(95.6% identity and 93.5% coverage), and E. cancerogenus 
ATCC 35,316 (95% identity and 92.5% coverage) (Suppl. 
Figure 2).

The pan-genome analysis was performed with nine 
closely related genomes of E. cloacae (i.e. E. cloacae 109, 
E. cloacae 3849, E. cloacae 764, E. cloacae A1137, E. 
cloacae STN0717, E. cloacae EN3600, E. cloacae dissol-
vens SDM, E. cloacae MY490, and E. cloacae GGT036 in 
the Roary tool (Fig. 3a). The matrix showed that the most 

Table 1 Genomic features of all selected isolates
Genomic features E. cloacae SBP-8 E. mori LMG 

25,706
E. cloacae GS1 E. cloacae ATCC 

13,047
E. cloacae SDM E. cancero-

genus ATCC 
35,316

Size 4,854,065 787,743 113,683 5,314,581 4,968,248 2,235,134
GC content 55.5 55.3 56.1 54.8 55.1 55.6
N50 37,201 787,743 113,683 5,314,581 4,968,248 482,404
L50 37 1 1 1 1 2
tRNA 72 11 4 84 79 30
rRNA 14 1 1 25 25 2
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Fig. 2 a OrthoVenn diagram showing the number of common and 
separate protein clusters in E. cloacae SBP-8 (NZ_CP017413.1), E. 
mori LMG 25,706 (NZ_GL890780.1), E. cancerogenus ATCC 35,316 
(LR593888.1), E. cloacae ATCC 13,047 (NC_014121.1), E. cloa-
cae GS1 (AJXP01000001.1), and E. cloacae subsp. dissolvens SDM 
(CP003678.1) b The occurrence table contains groups of gene clusters 

like cluster count and protein count. Row indicates the orthologous 
gene cluster for multiple species that summarized as a cell graph and 
column indicates different closely related bacterial species, c The pair-
wise protein sequence comparison for heatmap showing orthologous 
clusters between SBP-8 and other closely related strains
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Fig. 3a The matrix illustrating the presence/absence of genes in selected genome, the clustering of tree is shown on the left side, b The pie chart 
shows the proportion of core, shell, and cloud genes c. The gene frequency plot demonstrating the distribution of genes per genome

 

1 3

1963



Biologia (2024) 79:1957–1973

highest (n = 140) and lowest (n = 94) for E. cloacae ATCC 
13,047 and E. cloacae GS1, respectively (Fig. 6).

Analysis of the secretome of E. cloacae SBP-8

By the analysis of the supernatant of the bacterial broth cul-
ture, we found 776 proteins in the supernatant by LC-MS/
MS-based approach (Suppl. Figure 4). The detailed infor-
mation about the secretome proteins has been provided in 
Suppl. File 2. The secretome was further categorized into 
three groups based on the signal peptide such as non-classi-
cal (63%), classical (31%), and lipoprotein (6%) (Fig. 7a). 
The secretome study of SBP-8 also reveals the localization 

thiol transferase (Suppl. Figure 3). The identified AMR 
genes and their functional AMR- mechanism have been 
summarized in Suppl. Table 2. The CAZy analysis of E. 
cloacae SBP-8 identified 71 GHs, 31 GTs, 8 CEs, 4 AAs, 
5 CBMs, and 1 PLs (Suppl. Table 3). Among the GHs, the 
higher subcategory was found to be GH13, and GH109, 
followed by GH23. Among GTS, the major subcategory 
was observed for GT2 followed by GT9 and GT4. Among 
CEs, the major subcategory was found to be CE1 and CE4. 
In AAs, an equal number of genes were recorded for each 
subcategory. Among CBMs, an equal number was noted for 
CBM48 and CBM 73. A sum of 1145 CAZyme-encoding 
sequences were observed among SBP-8, and closely related 
species. The number of CAZyme-encoding sequences was 

Fig. 5 The prediction of secondary metabolic pathway gene clusters in SBP-8 genome using BAGEL-4

 

Fig. 4 Identification of puta-
tive biosynthetic gene clusters 
(BGCs) using antiSMASH in 
SBP-8 genome
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biological process, 67% were associated with the metabolic 
process, 10% biosynthetic process, 6% regulation process, 
and 4% in localization and cellular response, respectively 
(Fig. 8a). In the ‘molecular functions’ 59% proteins are 
associated with binding proteins, 12% with catalytic activ-
ity, 8% with hydrolase activity and 7% with transferase 
activity (Fig. 8b). In the category of cellular component, 
20% were associated to intracellular anatomical structure 
and membrane protein, 22% with cytoplasmic protein, 7% 
with cell periphery, 6% with periplasmic space and organ-
elle protein, and 4% with extracellular, flagellar, and cell 
projection proteins, respectively (Fig. 8c).

of secretomes in the cytoplasmic, periplasmic, cytoplasmic 
membrane, outer membrane, and extracellular proteins. 
Among all secretome proteins, 64% were associated with 
the cytoplasmic, 10% with the periplasmic, 7% with the 
cytoplasmic membrane, 4% with the outer membrane, and 
2% with extracellular proteins. A total of 13% of proteins 
were identified as unknown proteins (Fig. 7b).

Gene ontology analysis

Gene ontology (GO) analysis of the secretome of E. cloacae 
SBP-8 was performed using the Blast2GO tool, which cat-
egorized the proteins into three groups “biological process”, 
“molecular function” and “cellular component”. In the 

Fig. 7 a The categorization of E. cloacae SBP-8 secretome proteins into 
non-classical, classical and lipoproteins; b Subcellular localization of 
the identified secretome proteins. The FASTA protein sequences was 

analyzed by bioinformatics tool PSORTb for their subcellular localiza-
tion such as extracellular, cytoplasmic, outer membrane, periplasmic, 
and cytoplasmic membrane

 

Fig. 6 The distribution of various CAZymes like carbohydrate-binding modules (CBMs), glycoside hydrolases (GHs), glycosyl transferases (GTs), 
polysaccharide lyases (PLs), carbohydrate esterases (CEs), and auxiliary activities (AAs) in various Enterobacter species
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(valine-glycine repeat protein), TssB, TssC, ClpB, VasK, 
VasI and VasK were found (Table 2). In the secretome, we 
observed the various exotoxin proteins related to hemo-
lysin, structural toxin protein, putative aminomethyl-
transferase, ornithine carbamoyltransferase, precolibactin 
peptidase, and colibactin biosynthesis acyltransferase 
etc. (Table 3). Various antimicrobial resistance proteins 

Virulence proteins in E. cloacae SBP-8 secretome

The secretome study identified the different virulence pro-
teins in E. cloacae SBP-8 using VFDB. Targeted Type VI 
secretion system (T6SS) proteins and their effector pro-
teins like Hcp (Hemolysin co-regulated protein), VgrG 

Fig. 8 Gene ontology analysis of E. cloacae SBP-8 secretome using Blast2GO tool. Protein sequences were grouped into 3 categories; a biological 
function, b molecular function, and c cellular categories based on their properties and functions
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KEGG pathway analysis

The KEGG analytical tool was used for the prediction of 
the pathway associated with all the proteins in the secre-
tome. The KEGG pathway analysis revealed the secretome 
proteins involved in the 90 different metabolic pathways. 
Out of which, the most abundant protein number of 25 was 
involved in purine metabolism. A total of 23 proteins were 
linked to glycolysis & pyruvate metabolism (11.47%), 20 
to glycolysis & pyruvate metabolism (11.01%), and 19 
to amino acid & pyrimidine metabolism etc. (Suppl. Fig-
ure 5a). Based on the abundance (8–13), proteins related to 
glyoxylate & galactose metabolism, drug metabolism, car-
bon fixation, citric acid cycle, fatty acid biosynthesis, and 
arginine & glutathione metabolism have been summarized 
in Suppl. Figure 5b.

Protein network analysis

The protein-protein network analysis among the chaper-
one proteins, transporter protein, outer membrane proteins, 
and flagellar proteins was performed using the STRING 
database. The PPI analysis of chaperone proteins showed 
a close interaction between chaperone proteins DnaK and 
ClpB. Similarly, a tight association was recorded among 
chaperone protein SurA and Skp (Suppl. Figure 6a). The 
observed STRING results showed a BamA (outer mem-
brane protein assembly factor) was dominant, which 
showed the close interaction with BamC (outer membrane 
protein assembly factor), and BamB (outer membrane pro-
tein assembly factor) (Suppl. Figure 6b). Among flagellar 
proteins, close association was observed among flagellar 
hook-associated protein, flagellar hook protein FlgE, and 
flagellar basal-rod protein FlgG (Suppl. Figure 6d). The 
identified transporters proteins showed a varying level of 
interaction. The integrated protein-protein interaction was 

belonging to acriflavine resistance, putative carbonic 
anhydrase, cyanide-forming glycine dehydrogenase, and 
fatty acid efflux system protein etc. were noted (Table 4). 
The various biofilm-forming proteins related to type 3 
fimbrial major pilin (mrkA), biofilm-associated protein 
(bap), and biofilm-controlling response regulator (bfmR) 
etc. were observed (Table 5). The various flagellar pro-
teins and the associated flagellar components such as 
flagellar hook protein (FlgE), flagellar hook associated 
protein (FlgK & FlgL), flagellar basal body rod protein 
(FlgG), and ATP-binding protein (FlhG) etc. were identi-
fied (Suppl. Table 4).

Table 2 The identified type VI secretion system (T6SS) proteins in 
SBP-8 secretome
Protein description Protein AA 

length
Type VI secretion system substrate Hcp 159
Type VI secretion system substrate VgrG 637
Type VI secretion system contractile 
sheath large subunit

TssC 496

Type VI secretion system protein VasI 218
Type VI secretion system ATPase ClpB 840
Type VI secretion system tubule-
forming protein

HsiB1/VipA/TssB 167

Type VI secretion protein VasK 635
Type VI secretion system fork head-
associated protein

Fha1 96

Table 3 List of exotoxins observed in the secretome of SBP-8
Protein description Protein AA length
Phosphate dikinase UN 265
Putative aminomethyltransferase CylF 257
Alanyl-tRNA editing protein UN 194
Hemolysin A HlyA 801
Ornithine carbamoyltransferase ArgK 325
3-Ketoacyl-ACP-reductase CylG 238
Precolibactin peptidase ClbP 353
Ornithine carbamoyltransferase ArgK 325
Colibactin biosynthesis acyltransferase ClbG 293
Hemolysin B HlyB 691
Structural toxin protein RtxA 5161
Cyclolysin secretion ATP-binding protein CyaB 694
UN: Unknown

Table 4 List of antimicrobial resistance proteins identified in SBP-8 
secretome
Protein description Protein AA 

length
Putative carbonic anhydrase Mig-5 241
Cyanide-forming glycine dehydrogenase 
subunit HcnC

HcnC 406

Acriflavine resistance protein A AcrA 397
Acriflavine resistance protein B AcrB 1048
Fatty acid efflux system protein FarA 344

Table 5 List of Biofilm forming virulence proteins identified in SBP-8 
secretome
Protein description Gene AA 

length
Type 3 fimbriae major pilin subunit MrkA 93
Major antigenic peptide UN
PEB-cell binding factor

251

S-ribosyl homocysteinase LuxS 171
Sugar-binding transcriptional regulator, LacI 
family

BopD 306

Biofilm-associated protein Bap 2348
Biofilm-controlling response regulator BfmR 232
Serine protease MucD precursor MucD 476
DUF4084 domain-containing protein PapR 623
Phosphodiesterase MrkJ 231
Hypothetical protein CupE 782
UN: Unknown
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and MFS family permeases. LysR family transcriptional 
regulators can function either as activators or repressors of 
gene expression (Schell 1993; Maddocks and Oyston 2008). 
These regulators control a wide variety of genes related to 
virulence (Doty et al. 1993), motility (Heroven and Dersch 
2006), metabolism (Hartmann et al. 2013), and quorum 
sensing (O’Grady et al. 2011). MFS (major facilitator super-
family) family transporters comprise a functionally diverse 
type of transporter superfamily, and are widely expressed in 
many domains of life (Saier et al. 2014). These transporters 
are involved in the transport of monosaccharides, peptides, 
drugs, nucleotides, iron chelates, and many inorganic cat-
ions and anions (Guan and Kaback 2006; Newstead et al. 
2011).

The genomic analysis identified the various genes associ-
ated with secondary metabolite production, predicted using 
BAGEL-4 and anti-SMASH. The genomes of Enterobacter 
sakazakii (Mullane et al. 2008), Enterobacter sp. CGMCC 
5087 (Liu et al. 2018), and many other strains of Enterobac-
ter (Mohite et al. 2022) also reported the gene clusters for 
non-ribosomal peptides, thiopeptides and siderophore pro-
ductions. Members of amonabactin-producing bacteria play 
an essential role in iron acquisition from transferrin or lac-
troferrin, and in the establishment of pathogenesis (Balado 
et al. 2015; Esmaeel et al. 2016; Stintzi and Raymond 2000). 
The O-specific polysaccharides or O-antigens are major sur-
face components of Gram-negative bacteria and are highly 
variable in structure. These are predominantly found in 
many pathogenic microorganisms (Rietschel et al. 1996), 
however, another study demonstrated their role in the inter-
action between Rhizobiaceae and plants (Kannenberg et al. 
1998). Aerobactin is synthesized by the iucABCD-encoded 
gene products, and is a hydroxamate siderophore produced 
by many pathogenic microorganisms (Carbonetti and Wil-
liams 1984; Gross et al. 1984).

Pan-genome analysis indicated that every Enterobacter 
strain encodes a certain number of unique genes and the 
Enterobacter genus possesses an open pan-genome har-
boring genes that are not shared by other strains. As the 
genomes of more strains are sequenced, many new genes 
will continue to be identified (Xing et al. 2019). The pan-
genome features enable the strains to survive in different 
environmental niches. The genome comparison showed its 
high resemblance to other E. cloacae genomes. The detailed 
genome analysis identified various genes for complex car-
bohydrate degradation. The identified GHs and GTs in the 
SBP-8 genome are well known for the hydrolysis of gly-
cosidic bonds (Lopez-Mondejar et al. 2016), whereas AAs, 
PLs, and CBMs are involved in the degradation of biopoly-
mers (Koeck et al. 2014).

The secretome analysis of E. cloacae SBP-8 by mass 
spectrometry provides a detailed study of various proteins 

observed between arginine ABC transporter ATP-binding 
protein ArtP, ABC transporter arginine-binding protein 2, 
and arginine ABC transporter substrate-binding protein. 
Similarly, a close association was observed in-between 
aminotransferase, N-acetylglucosamine transporter sub-
unit IIABC, and sucrose-specific transporter subunit IIBC 
(Suppl. Figure 6d).

Discussion

Genome sequencing has unraveled the understanding of 
the genetic potential of microorganisms and also provides 
valuable insight about the genetic adaptation of bacteria 
in diverse environments (Yi et al. 2018). KEGG pathway 
analysis showed a higher number of genes involved in trans-
porter and two-component systems. The transporter genes 
play an important role in bacterial growth and survival, as 
they enable the bacterium to defend against endogenous and 
environmental stressors (Piepenbreier et al. 2017). Some of 
the transporters also possess secondary functions and their 
functions are attributed to sensory, and signaling systems. 
These functionalities equip the bacteria for decision-mak-
ing processes that contribute to the bacterial cell adapting 
any changes in their surrounding environment or intracel-
lular conditions (Schleif 2000). Transporters also enhance 
substrate utilization by modulating nutrient-sensing which 
results in enhanced intracellular substrate concentration 
which activates the genes related to increased rates of import 
and metabolism (Fritz et al. 2014). In the absence of trans-
porters, substrates are not allowed to enter the cytoplasm of 
a cell (Megerle et al. 2008).

Bacterial two-component systems (TCSs) play essential 
roles in cell-cell communication, adaptation to changing 
environments, and pathogenesis in the case of a pathogenic 
bacterium. Their absence in humans and other mammals, 
represents the potential targets for designing, and develop-
ing new antibiotics with broader activity (Varughese 2002). 
Some of the TCSs regulate the gene clusters associated with 
cell growth, biofilm formation, and virulence activity (Gotoh 
et al. 2010; Schaefers et al. 2017). The relationship between 
TCSs and virulence in bacterial pathogens has helped in the 
development of suitable inhibitors aimed at signal transduc-
tion in bacteria. Recently, TCSs have opened a new avenue 
for antibacterial drug design and they impair the upstream 
regulatory functions related to pathogen physiology (Poole 
2012). Thus, a detailed understanding of TCSs provides an 
alternate strategy for combating microbial infections (Gotoh 
et al. 2010).

The analysis of gene distribution within COG categories 
revealed the main functional gene cluster (> 50) belonging to 
the LysR family of DNA- binding transcriptional regulators 
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provides linkage between the outer membrane and the 
underlying peptidoglycan layer. The Ompx outer membrane 
protein belongs to the highly conserved protein family, and 
plays an important role in the virulence and neutralization 
of the host defense mechanism (Heffernan et al. 1994). Bam 
stands for β-barrel assembly machinery complex, which 
acts for the insertion of β-barrel protein into the outer mem-
brane. BamA is a 16-stranded β-barrel POTRA (five poly-
peptides transport-associated) domain that is present on the 
periplasm (Bakelar et al. 2016). Exotoxins are the diffus-
ible proteins secreted from the pathogens to their external 
environment. The numbers of exotoxins investigated in E. 
cloacae SBP-8 are argK, clbG, clbP, cyaB, cylF, cylG, hlyA, 
hlyB, and rtxA, in which clbG is mainly involved in the syn-
thesis of colibactin, and the development of meningitis in 
mice (Wang et al. 2021).

Adhesion factors in pathogenic bacteria play an impor-
tant role in host-microbe interactions, colonization, persis-
tence, and virulence (Hammerschmidt 2006; Navarre and 
Schneewind 1999). In the secretome of SBP-8, we observed 
the pili protein that plays an important role in cellular adhe-
sion (Soares et al. 2013b). Flagellar proteins are associated 
with bacterial adhesion as well as invasion by providing 
motility to target cells and receptors, mainly FliC the flagel-
lin protein involved in adhesion and invasion. FliC contains 
C- and A-terminal domains due to which it is involved in 
innate immunity (Haiko and Westerlund-wikström 2013). A 
number of flagellar proteins were investigated in this study 
and the enrichment of flagellar proteins or clusters in E. 
cloacae SBP-8 suggested a better understanding of patho-
genesis during the extracellular transportation of the pro-
teins. The flagellar functions are mainly studied for bacterial 
pathogens and virulence, due to the applications of flagellin 
and flagella in vaccine development and diagnosis (Gat et 
al. 2011). Due to the high immunogenic property of FliC, it 
can be used as a vaccine adjuvant with poorly immunogenic 
antigens, such as FliC or anti-FliC antibodies for the diag-
nosis of diseases like melioidosis and inflammatory bowel 
(Wajanarogana et al. 2013). Flagellar biosynthesis regulator 
FlhF, flagellin family FliC & FlaA, flagellar basal body pro-
tein FlgD & FlgG, flagellar hook protein FlgE/FlgK/FlgL, 
and ATP synthase Flil & PapX protein regulates flagellum 
synthesis to repress motility. These are the flagellum pro-
teins that are involved in pathogenesis (Macnab 2004).

By using the KEGG database, nine pathways proteins 
were associated with antibiotic biosynthesis. The identified 
antibiotic biosynthesis pathways enzymes such as O-acetyl-
transferase, phosphorylase, kinase, reductase, phosphoribo-
syl-transferase, dehydrogenase, hexokinase, phosphatase, 
glucokinase, and penicillinase are essential for the antibi-
otic biosynthesis (Barnard-Britson et al. 2012; Liu et al. 
2016). The most prominent pathways belonged to pyruvate 

involved in the interaction of bacteria with the host and their 
environment (Boekhorst et al. 2006). Bioinformatics-based 
analysis using tools like signalP, secretome P, and PRED 
LIPO, categorized the secretome proteins into three groups 
classical, non-classical, and lipoproteins. The lipoproteins 
are produced by many prokaryotes and further translocated 
through the Sec or Tat-dependent pathway across the mem-
brane (Thompson et al. 2010). These peripherally anchored 
proteins play an important role in the virulence, physiology, 
and immune response in microbial pathogens. Furthermore, 
these are recognized as excellent vaccine targets (Nguyen 
and Gotz 2016). In M. tuberculosis, these lipoproteins 
impart an important role in virulence and evasion of the 
immune system (Su et al. 2016).

In bacterial pathogens, iron is involved in supporting the 
growth and virulence activity during the infection process. 
Due to a lack of free iron availability, bacterial pathogens 
utilize alternate strategies to acquire host-associated iron 
proteins (Brown and Holden 2002). In the secretome, we 
observed proteins related to iron acquisition, however, 
some of the identified proteins are also involved in viru-
lence such as the FagC protein (Billington et al. 2002). 
We observed CiuA siderophore, a high-affinity iron uptake 
system localized in the operon ciuABCDE. Similarly, we 
observed the Fhu siderophore protein, an integral part of the 
ferric hydroxymate uptake system. Previous studies showed 
that in Listeria monocytogene, Fhu contributes to the fer-
ric hydroxamate uptake from complex conjugated forms of 
iron (Jin et al. 2006; Xiao et al. 2011).

A number of chaperone proteins were identified in which 
DnaK (Hsp60) expresses on the cell surface that can be used 
as adhesins and virulence factors to release them into the 
extracellular milieu (Goulhen et al. 1998; Henderson et al. 
2006). These chaperones also maintain protein disaggre-
gation in the presence of a prolonged stress environment. 
The other observed chaperone protein e.g. elongation factor 
Tu facilitates protein acclimation under stress conditions. 
Additionally, elongation factor Tu interacts with unfolded/
or denatured proteins similar to other chaperones that are 
involved in protein folding, and renaturation under stress 
conditions (Caldas et al. 1998, 2000).

Outer membrane proteins play an important role in the 
regulation or transportation of metabolites as well as small 
molecules between bacteria and the extracellular milieu, 
and play an important factor in the maintenance of drug 
resistance (Trias et al. 1989). Here, we identified 30 pro-
teins as outer membrane proteins belonging to E. cloacae 
SBP-8, which include outer membrane protein (OmpA, 
OmpC, OmpW, OmpX), outer membrane protein assembly 
factor (BamA, BamB, BamC), outer membrane channel 
protein ToIC, and outer membrane lipoprotein Lpp which 
shows higher expression (Nirujogi et al. 2014). The OmpA 
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Enterobacter bacterium provide insight into metabolic poten-
tial, biotechnological applications, and possible pathogenicity.
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