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Highlights 23 

Genomic analysis of Serratia marcescens revealed 20 conserved chaperon-usher (CU) 24 

fimbriae. Six highly conserved clusters compose the core CU fimbriome of S. marcescens. 25 

A CU nomenclature is proposed according to S. marcescens usher proteins phylogeny. 26 

Core operons fgov, fpo, and fps are highly expressed in S. marcescens isolates. 27 

 28 

 29 

Abstract 30 

Chaperone-usher (CU) fimbriae are surface organelles particularly prevalent among the 31 

Enterobacteriaceae. Mainly associated to their adhesive properties, CU fimbriae play key 32 

roles in biofilm formation and host cell interactions. Little is known about the fimbriome 33 

composition of the opportunistic human pathogen Serratia marcescens. Here, by using a 34 

search based on consensus fimbrial usher protein (FUP) sequences, we identified 433 35 

FUPs across 40 S. marcescens genomes. Further analysis of the FUP-containing loci 36 

allowed us to classify them into 20 conserved CU operons, 6 of which form the S. 37 

marcescens core CU fimbriome. A new systematic nomenclature is proposed according to 38 

FUP sequence phylogeny. We also established an in vivo transcriptional assay comparing 39 

CU promoter expression between an environmental and a clinical isolate of S. 40 

marcescens, which revealed that promoters from 3 core CU operons (referred as fgov, fpo, 41 

and fps) are predominantly expressed in the two strains and might represent key core 42 

adhesion appendages contributing to S. marcescens pathogenesis. 43 

 44 

1. Introduction 45 

Serratia marcescens is a ubiquitous saprophytic Gram-negative bacterium of the 46 

Enterobacteriaceae family. S. marcescens has gained recognition as an important 47 

opportunistic pathogen, being responsible for a large repertoire of infections including 48 
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pneumonia, keratitis, endocarditis, meningitis, and urinary tract infections [1–3]. Outbreaks 49 

associated with S. marcescens are frequently reported in high-risk settings, mainly 50 

affecting immunocompromised patients and newborns [2–4], where S. marcescens strains 51 

have been isolated from catheters, syringes, needles, oxygenation devices, sinks, and 52 

cleaning solutions [4–6]. 53 

Emergence of S. marcescens as a nosocomial pathogen is partially attributed to its 54 

resistance to several classes of antibiotics including ampicillin, cephalosporins, 55 

aminoglycosides, and cationic antimicrobial peptides [7–9]. Moreover, S. marcescens 56 

show an extraordinary versatility to colonize, persist and adapt to different environmental 57 

niches [10–12]. Virulence factors linked to S. marcescens pathogenesis include fimbriae, 58 

proteases, siderophores, hemolysin, and lipopolysaccharide [13, 14]. 59 

Fimbriae (also known as pili) are protruding organelles primarily involved in adhesion to 60 

inert surfaces or living tissue, entry into host cells, and bacterium-bacterium interactions 61 

leading to bacterial aggregation and biofilm formation [15]. Therefore, fimbriae are 62 

indispensable appendages for pathogenesis and niche colonization; they are particularly 63 

prevalent in the Enterobacteriaceae family where the chaperone-usher (CU) class is the 64 

most common surface adhesion organelle [16, 17].  65 

The CU pathway for fimbria biogenesis is highly conserved (for a comprehensive review 66 

see [18, 19]). Each newly synthesized fimbrial subunit protein is translocated into the 67 

periplasm by the SecYEG translocon. Once in the periplasm, dedicated chaperones 68 

capture the fimbrial subunits, preventing their polymerization and bringing the fimbrial 69 

proteins to an outer membrane (OM) protein that operates as an assembly platform and 70 

export channel, termed fimbrial usher protein (FUP) [20]. The periplasmic region (N- and 71 

C-terminal domains) of the FUP comprises a binding scaffold for the chaperone-fimbrial 72 

subunit complexes, and coordinates the release of fimbrial subunits and fiber assembly in 73 

a top-down manner [18, 21]. Incorporation of each new subunit leads to the fimbria 74 
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elongation and fiber assembly, a process coupled with fimbria secretion trough the OM β-75 

barrel that comprises the FUP central domain [22]. 76 

The genes for CU fimbriae are organized into discrete operons that can be chromosome- 77 

or plasmid-encoded; multiple CU loci are commonly found in a given bacterial genome 78 

[23–25]. CU operons usually differ in the number of genes encoding fimbrial subunits and 79 

chaperones. In contrast, the CU operons described so far contain a single FUP encoding 80 

gene [26]. This feature has been exploited to classify CU fimbriae based on phylogenetic 81 

clade systems built from FUP sequences [27, 28]. The most comprehensive classification 82 

of CU fimbriae consists of six families: α, β, γ (subdivided into γ1, γ2, γ3, and γ4), κ, π, and 83 

σ [28]. 84 

There is limited knowledge on fimbriae production and their contribution to pathogenesis in 85 

S. marcescens. Early reports have linked S. marcescens CU fimbriae with adhesion to 86 

human corneal epithelial (HCE) cells and biofilm formation [29, 30]. A comparative 87 

genomic analysis recently identified 6 hypothetical conserved CU fimbriae operons, along 88 

with 3 and 4 strain-specific CU operons in S. marcescens SM39 (clinical isolate) and Db11 89 

(derived from the fly pathogen Db10), respectively [31], in agreement with reports in other 90 

Enterobacteriaceae members [23–25]. 91 

To better understand CU fimbriae in S. marcescens we investigated their distribution and 92 

variation across multiple genomes and defined the CU fimbriome in this species. Our 93 

search by consensus strategy revealed 433 FUP across 40 genomes. Further analysis of 94 

the different FUP encoding sequences, along with their genomic context, allowed us to 95 

categorize 407 loci into a set of 20 conserved CU operons. Based on their high prevalence 96 

among the investigated genomes, 6 operons were defined as the core CU fimbriome of S. 97 

marcescens. In addition, based on the family to which each FUP belongs, an unified 98 

nomenclature for these 20 CU operons was developed. Moreover, we performed an in vivo 99 

transcriptional study to compare promoter expression of the CU fimbriae repertoire of the 100 
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Mexican clinical isolate S. marcescens SmUNAM836 [32] and the fly isolate Db10 [33]. In 101 

both strains, the highest promoter activity was ascribed to 3 core CU fimbriae operons, 102 

herein referred as fgov (formerly fim), fpo and fps. Also, differences in promoter activity 103 

between strain-specific CU fimbriae promoters were identified depending on the culture 104 

conditions. Overall, this work provides a comprehensive analysis of the CU fimbriome in S. 105 

marcescens, which can guide future studies in dissecting their physiological roles.  106 

 107 

2. Materials and methods 108 

2.1. Identification of CU operons in S. marcescens genomes 109 

Forty S. marcescens annotated genomes uploaded until November 2018 were taken from 110 

the NCBI database. Genomes containing gaps longer than 1000 bp or poorly annotated 111 

were discarded. To locate CU operons, consensus sequences of the FUP were generated 112 

for each of the α, β, γ1, γ2, γ3, γ4, κ, and π families, Consensus FUP sequences built using 113 

the cons tool (http://www.bioinformatics.nl/cgi-bin/emboss/cons). The consensus FUP 114 

sequences (Supplementary File 1) were used as query in a tBLASTn against S. 115 

marcescens genomes. The cons software was unable to generate a working consensus 116 

sequence for FUPs from the σ family; therefore, 13 individual σ FUPs (GenBank accession 117 

nos. AAK88718.1, CAG70003.1, AAF12639.1, ABI62227.1, ABI78617.1, ABI56132.1, 118 

ABF87854.1, AAY93214.1, ABE05058.1, CAD18649.1, BAA10202.1, BAC94284.1, and 119 

CAL20339.1) were used as query in the tBLASTn. All hits were manually curated and 120 

verified as a FUP, removing duplicates, and each coordinate was registered. Next, the 121 

adjacent sequences for each FUP-encoding gene were investigated for the presence of at 122 

least one chaperone and one fimbrial subunit within the same loci. A BLASTp search was 123 

also performed on all hypothetical proteins to confirm the presence of usher, chaperone, or 124 

fimbrial domains. No FUP gene hits lacking fimbrial gene neighbors, or members of partial 125 

or interrupted operons were detected. 126 
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2.2. Neighbor-Joining analysis of FUP and fimbriae classification 127 

Four hundred and thirty-two S. marcescens full-length FUP sequences were used to infer 128 

evolutionary relationships. Sequences were aligned with ClustalX v2.0 [34]; the 129 

BLOSUM30 matrix was used for pairwise alignments and the the BLOSUM-series protein 130 

weight matrixes were used for multiple alignments. The resulting CLUSTAL alignment was 131 

used as input to construct a Neighbor-joining tree using a Jones-Taylor-Thorton 132 

substitution matrix with pairwise deletion and 1000 bootstraps in MEGA X [35]. 133 

Phylogenetic relationships among FUPs of S. marcescens were inferred by using FUP 134 

sequences available from other Gram-negative bacteria [28]. 135 

2.3. Bacterial strains, plasmids and growth conditions 136 

Bacteria and plasmids used in this study are listed in Table 1. Bacteria were cultured in Luria 137 

broth (LB), DMEM F-12 (Corning), or M9 minimal medium (Difco) supplemented with 0.4% 138 

glucose (Sigma) and 2 mM MgSO4 (Sigma). When required, cultures were supplemented 139 

with kanamycin at final concentrations of 40 µg/ml and 150 µg/ml for Escherichia coli and S. 140 

marcescens, respectively.  141 

2.4. Construction of CU promotor transcriptional reporters 142 

The CU operons of S. marcescens SmUNAM836 and Db11 were analyzed with the BProm 143 

tool from Softberry, Inc. (Mt. Kisco, NY) to evaluate the promoter regions. Regions ranging 144 

between 400-500 nucleotides upstream of the first gene of each CU operon were amplified 145 

by PCR using genomic DNA from each strain as a template and the appropriate primer 146 

pairs (Table 2). All promoter regions, except for the fgfo promoter, were successfully PCR-147 

amplified. Each PCR product was double-digested with EcoRI and BamHI (Invitrogen), 148 

and ligated with T4 DNA ligase (Invitrogen) into a similarly digested pSEVA246 plasmid 149 

(Table 1). Ligation products were introduced into E. coli DH5α by electroporation, plated 150 

and the resulting colonies were screened by PCR using primers 158 and 159 (Table 2). 151 
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For each CU promoter, at least one positive clone was verified by DNA sequencing at 152 

IPICYT, CONACYT (SLP, Mexico). 153 

2.5. Quantification of CU promoter activity 154 

Based on the sequence similarity of the promoter regions among fimbriae shared by S. 155 

marcescens SmUNAM836 and Db11 strains, the pSEVA246 constructions containing the 156 

fgft, fpo, fps, and fso promoters from SmUNAM836, were also used for evaluation in Db10. 157 

The corresponding pSEVA246-based plasmids (Table 2) were introduced into S. 158 

marcescens SmUNAM836 or Db10 by electroporation. A single transformant colony was 159 

replated and tested for luminescence activity on LB, DMEM, or M9 minimal media. Briefly, 160 

1 ml of an overnight LB culture with kanamycin was centrifuged and the resulting pellet 161 

was washed twice with 1 ml of sterile deionized water. The suspension was used to 162 

inoculate fresh media (LB, DMEM, or M9), adjusting the initial inoculum to a starting optical 163 

density at 600 nm (OD600) of 0.05. Cultures were incubated at 37°C with shaking. The 164 

transcriptional activity was examined at late-log (6 h) and stationary phases (24 h) by 165 

removing culture aliquots (200 µl) and both relative luminescence units (RLU) and 166 

absorbance (OD600) were measured using a GloMax® (Promega) plate reader. 167 

Luminescence values were normalized according to the culture growth (OD600). Assays 168 

were performed by triplicate. 169 

2.6. Statistical Analysis 170 

A two-way ANOVA with Fisher's least significance difference post-test was employed to 171 

evaluate statistical significance at different growth stages and growth media within the 172 

same strain. Student’s t-test was performed to compare the same conditions between 173 

SmUNAM836 and Db10 strains. All analyses were performed using the GraphPad Prism 8 174 

software (GraphPad, San Diego, CA, USA). A p-value < 0.05 was considered as 175 

statistically significant. 176 

 177 
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3. Results 178 

3.1. Identification of S. marcescens FUP 179 

The most extended classification of CU fimbriae in Gram-negative bacteria is based on the 180 

amino acid sequence of their associated FUP, and encompasses 6 phylogenetic families 181 

or clades: α, β, γ, κ, π, and σ [28]. Here, we carried out a bioinformatic scrutiny across 40 182 

genomes from the opportunistic pathogen S. marcescens to identify and classify all 183 

possible CU fimbrial clusters in its pangenome. The strategy employed to identify CU loci 184 

was based on determining the consensus sequences of FUP from all phylogenetic families 185 

(Supplementary File 1), except for the FUPs of the σ family, which were independently 186 

examined (see Material and Methods). The FUP search sensitivity and reproducibility was 187 

first evaluated using S. marcescens Db11 and SM39 genomes since both strains have a 188 

described fimbriome [31]. Our search-by-consensus approach identified one previously 189 

unnoticed CU operon in S. marcescens SM39 (Supplementary File 2). After manual 190 

curation for false positives, duplicates, and orphan ushers we produced database 191 

containing 433 FUPs, of which 430 were chromosomally encoded and 3 occurred in 192 

plasmids (Supplementary File 2). The number of CU operons per strain fluctuated from 6 193 

to 16, with a median of 11. S. marcescens UMH5 (clinical isolate) and B3R3 194 

(environmental isolate) were the two strains with 16 CU operons and S. marcescens 195 

SGAir0764 (environmental isolate) encoded the lowest number of 6 CU operons 196 

(Supplementary File 2). 197 

3.2. Characterization and classification of S. marcescens CU operons   198 

To cluster identical FUPs that might belong to the same conserved operon, the genetic 199 

relationships of the 433 FUPs of S. marcescens was assessed by the Neighbor-Joining 200 

Tree method (Figure 1). All members from the same node were compared to each other 201 

on the basis of the genetic architecture of their corresponding loci, their location within the 202 
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chromosome, and by the homology of the surrounding genes (Supplementary File 2, and 203 

data not shown). From these analyses, we defined 20 conserved CU operons 204 

(corresponding to 407 FUP sequences), which were distinguished by a common set of 205 

genes plus a shared genetic arrangement (Figure 2). Most of these 20 operons are also 206 

located in syntenic positions on the different S. marcescens chromosomes 207 

(Supplementary File 2). In contrast, the remaining 26 FUPs were encoded within genetic 208 

clusters showing unique architectures, which were also flanked by distinct mobile genetic 209 

elements or recombination sites. We concluded that the operons encoding those 26 FUPs 210 

were non-conserved (nc)-CU operons (see below). 211 

To further categorize S. marcescens CU operons by family, we generated a second 212 

Neighbor-Joining tree incorporating the 433 FUPs from S. marcescens, along with the 189 213 

previously characterized FUP sequences [28] from the six different families 214 

(Supplementary File 3). We found that most of the conserved CU operons in S. 215 

marcescens belong to π and γ1 families with seven and five operons, respectively (Figure 216 

1). The families for the remaining conserved CU operons were distributed as follows: three 217 

from γ4, two from α, two from β, plus one operon from σ (Figure 1). Concerning the nc-CU 218 

operons, we noticed that most of them also belong to the π and γ1 families (16 and 7 219 

operons, respectively; Table 3). The rest of the nc-CU operons belong to the σ and γ3 220 

families (2 and 1 operons, respectively; Table 3). No CU operons from the κ or γ2 families 221 

were found in any of the investigated genomes. 222 

3.3. Nomenclature and frequency of S. marcescens CU fimbriae   223 

The high prevalence of CU fimbriae in S. marcescens strains prompted us to develop a 224 

systematic method for their classification. We renamed the 20 conserved CU operons of S. 225 

marcescens using a nomenclature based on a 3- or 4-letter-code. This nomenclature 226 

derives from the corresponding FUP family followed by the first letter of a consecutive 227 

number. A similar description has been previously used for E. coli [36–38]. Thus, CU 228 
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operon fao, stands for fimbriae alpha one. If the first letter of a corresponding number was 229 

previously assigned, the following consonant of that number is used: e.g., fpt (fimbriae pi 230 

two) and fph (fimbriae pi three). This system allowed us to discriminate up to eight clusters 231 

from a same family. To distinguish the operons belonging to the different γ subfamilies (γ1 232 

to γ4), we employed a four-letter code, e.g., fgoo, (standing for fimbriae gamma-one, 233 

operon one). Individual genes belonging to each operon can also be differentiated by a 234 

consecutive letter (see Figure 2). The full CU fimbriae repertoire identified in the 40 S. 235 

marcescens strains is summarized in Figure 3. Our analysis revealed a set of 6 ubiquitous 236 

operons: fgov, fgfo, fgft, fpo, fps, and fso which are shared by at least 95 % of the strains 237 

and represent the S. marcescens core CU fimbriae (Figure 2, and 3). This high prevalence 238 

of core CU fimbriae among S. marcescens isolates suggests an important role for these 239 

structures in bacterial physiology. The fgov, fpo, and fso clusters were detected in all 240 

strains irrespective of their source (Figure 3). No correlation was noticed between the 241 

isolation source and a specific set of CU fimbriae, except for fpv and fat, which were 242 

exclusively encoded by clinical and environmental strains, respectively (Figure 3). A 243 

heterogeneous distribution was detected for the remaining 14 conserved CU operons, 244 

ranging in frequency from 60% (fgoo) to 7.5% (fbt) (Figure 2, and 3). As expected, a mixed 245 

distribution was observed for the 26 nc-CU fimbriae, with 35% of the strains encoding at 246 

least 1 nc-CU operon (Table 3). Further comparisons among these loci allowed us to 247 

group them into a set of 17 operons. To accurately distinguish them, we renamed these 248 

fimbriae as ncf (standing for non-conserved fimbriae) from ncf1 up to ncf17 (Table 3). 249 

3.4. Transcriptional activity of S. marcescens SmUNAM836 and Db10 CU fimbrial promoters 250 

We modeled the expression levels of different S. marcescens CU operons by comparing 251 

the relative bioluminescence of reporter fusions containing the CU promoter regions 252 

encoded by S. marcescens SmUNAM836 or Db10 fused to the promoterless luxCDABE 253 

operon in plasmid pSEVA246 (Table 2). The original S. marcescens Db10 strain was used 254 
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for these experiments since the sequenced strain Db11 is a spontaneous antibiotic 255 

resistant mutant derived from Db10. In this manner, we could use kanamycin for the 256 

selection of the pSEVA246 based fusion constructs. Both SmUNAM836 and Db10 grew 257 

similarly when carrying pSEVA246 plasmid, as evaluated in control growth curves 258 

(Supplementary File 4). The CU fimbriae repertoire of S. marcescens SmUNAM836 and 259 

Db11 includes all 6 core CU operons (Figure 3). The upstream regions of these core CU 260 

operons in SmUNAM836 and Db11 are also highly conserved, with the exception of fgov 261 

and fgfo. Thus, pSEVA246 constructions carrying the SmUNAM836 fgft, fpo, fps, and fso 262 

promoters were indistinctly used in Db10 and SmUNAM836. Further, SmUNAM836 263 

encodes fao, fgoo, fgof, fpt, and fpv operons, while Db11 encodes fbt, fgot, fpf, and ncf6 264 

(Figure 3). Despite multiple tries and tested conditions, we could not amplify the fgfo 265 

promoter region in both SmUNAM836 and Db10 for which the expression of this core CU 266 

operon was not examined. 267 

The CU promoter activity was compared in SmUNAM836 and Db10 grown in LB, DMEM 268 

or M9 minimal medium at exponential and stationary growth phases; luminescence values 269 

were adjusted to the corresponding culture density (Figure 4). Despite the expected 270 

differences in growth rate in the selected media, the sampling times at 6 and 24 h 271 

corresponded to exponential and stationary phases, respectively, for strains cultured in LB 272 

or DMEM and late-exponential and stationary phases upon culturing in M9 273 

(Supplementary File 4). A two-way ANOVA revealed significant differences in gene 274 

expression depending on the culture media (p<0.001). For SmUNAM836, most of the 275 

transcriptional fusions, including that of the core CU fgov, reached their highest light 276 

emission levels when the strain was grown in M9 or DMEM (Figure 4A); the highest 277 

transcriptional activity was found in the promoters from the core CU fpo and fps operons, 278 

and the fgoo promoter, under growth in M9 at both growth phases (Figure 4A) irrespective 279 

of the limited cellular densities reached in M9 compared to DMEM or LB, particularly after 280 
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24 h (Supplementary File 4). Similarly, the highest promoter activity in Db10 was found in 281 

the core CU fpo, fps, and fgov promoters under growth in M9 (Figure 4B). Further, high 282 

transcriptional activity was also observed in fpo and fgov promoters during growth in 283 

DMEM (Figure 4B). Transcription from these three promoters in DB10 remains the highest 284 

after one-day culture (Figure 4B, right panel); however, it was significantly lower compared 285 

to SmUNAM836. For instance, fps promoter displayed a 27- and 93-fold reduction in Db10 286 

compared to SmUNAM836 (p<0.0001) upon reaching the stationary growth in DMEM and 287 

M9, respectively. 288 

Also, of the common CU fimbriae the fso transcriptional fusion displayed the greatest 289 

differences between the two S. marcescens strains (Figure 4), which were more evident at 290 

stationary growth (3-log difference between SmUNAM836 and Db10 in DMEM). 291 

Concerning the non-core CU fimbriae, the fpt and fgof promoters from SmUNAM836 were 292 

induced at exponential phase in M9, where the fpt promoter showed a 53-fold induction 293 

compared to LB and the fgof promoter showed a 10-fold induction when compared to 294 

growth in DMEM. In Db10, most promoters from the non-core CU fimbria, and the core CU 295 

fgft and fso promoters were also induced at exponential growth under nutritional stress 296 

(Figure 4B, left panel), with a 9-fold and 60-fold increments for fgft and fso (compared to 297 

LB), respectively. The core CU fgft promoter fusion displayed the lowest transcriptional 298 

activity in both strains, as well as the strain-specific fao and fpv promoter fusions from 299 

SmUNAM836, and the strain-specific fgot and ncf6 promoter fusions from Db10, all of 300 

which were also poorly expressed under most of the tested conditions (Figure 4). 301 

 302 

4. Discussion 303 

CU fimbriae are bacterial surface appendages with diverse functions including attachment, 304 

colonization, biofilm formation, bacterial auto-aggregation and phagocytosis evasion [15, 305 

39]. Fimbriome analysis has gained attention in recent years due to the relevance of 306 
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fimbrial structures in the pathogenesis of many bacterial species and the increasing 307 

availability of sequenced bacterial genomes. In this work, we used a FUP consensus 308 

search strategy to identify the full repertoire of S. marcescens CU fimbriae. Accordingly, 309 

433 CU operons were identified in 40 sequenced S. marcescens genomes. FUP 310 

phylogenetic analysis and manual curation of individual operons allowed us to group 407 311 

CU operons into a set of 20 conserved CU operons, including 6 highly distributed operons 312 

(encoded in ≥95 % of the evaluated genomes) which compose the S. marcescens core CU 313 

fimbriae (fgov, fgfo, fgft, fpo, fps, and fso). By comparison, the pangenome analysis of the 314 

Salmonella genus identified 7 core fimbrial clusters: bcf, fim, stb, sth, std, saf, and sti  [24], 315 

and 7 core associated fimbriae were described in E. coli: Type 1, Yad, Yeh, Yfc, Mat, F9, 316 

and Ybg [23]. Specific sets of core CU fimbriae among Enterobacteriaceae species, 317 

including S. marcescens, indicate a critical role of these structures possibly related to 318 

specialized niche colonization and hosts interactions, as shown for some of the CU core 319 

fimbriae in Salmonella and E. coli [19]. 320 

Little is known about the contribution of fimbriae in S. marcescens; Fgov (formerly Fim) is 321 

the only fimbriae among the six core CU fimbriae that has been previously studied. This 322 

fimbriae were originally described as thin (3 nm in diameter) and mannose sensitive [40]. 323 

Gene mutations in the pilus subunit fgovA (fimA) and the FUP encoding gene fgovC (fimC) 324 

revealed a role for this fimbriae in biofilm formation, attachment to HCE cells, and yeast 325 

agglutination [29, 30]. Through phylogeny and BLAST analysis we identified Etf, a 326 

promoting hemagglutination mannose-resistant fimbriae from the fish pathogen 327 

Edwardsiella tarda [41] as the closest relative of Fgov. However, unlike the unambiguous 328 

presence of fgov among S. marcescens isolates, etf genes seem to be restricted to 329 

pathogenic E. tarda strains [42]. In this scenario, Fgov might play a most general role 330 

during S. marcescens niche colonization. This is supported by our observation that the 331 

fgov promoter displayed high transcriptional activity under aerated growth conditions in 332 
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both S. marcescens SmUNAM836 and Db10, which is also consistent with the reported 333 

OxyR-dependent expression of fgov (fim) expression [30]. In contrast, the fgft promoter in 334 

SmUNAM836 and Db10, another core CU fimbria belonging to γ family, was poorly 335 

expressed compared to fgov under all tested conditions. However, Fgft fimbriae may be 336 

better expressed under conditions not investigated here. For instance, the γ family fimbriae 337 

fim and stb from S. Typhi also displayed poor in vitro promoter expression [43]; however, 338 

deletion of fim alters S. Typhi adherence and invasion of epithelial cells, and Stb prevents 339 

macrophage recognition [43, 44]. Further, fimbrial expression in S. Typhimurium varies 340 

extensively during infection of bovine ligated ileal loops [45]. The FUP encoded by fgft is 341 

phylogenetically related to CupB3 from P. aeruginosa. The CU fimbriae CupB, along with 342 

CupC, synergistically operate clustering bacteria during microcolony and biofilm formation. 343 

However, expression of both gene clusters is tightly regulated by the two-component 344 

system Roc1 [46]. Therefore, the fgft inducing expression conditions still need clarification. 345 

In addition to the three core γ family CU fimbriae, our study also revealed the high 346 

prevalence of π family across the genomes examined, suggesting an important 347 

contribution of these specific fimbriae to S. marcescens physiology. The promoter activity 348 

from both core π CU fimbriae, fpo and fps, was among the highest on average in both 349 

SMUNAM836 and Db10 under all investigated conditions. Despite this, strain differences 350 

were noted, as fps promoter transcriptional activity was higher in SmUNAM836 than in 351 

Db10. P-fimbriae from uropathogenic E. coli and MR/P from P. mirabilis are well-352 

characterized members of the π family CU fimbriae, and have crucial roles during urinary 353 

tract colonization and pyelonephritis [47–50]. However, no significant similarity was found 354 

between the different π CU fimbriae of S. marcescens to P, MR/P or to any other 355 

previously characterized fimbriae. This could indicate specialized roles of π fimbriae in 356 

Serratia in agreement with the specific and common roles that have been described for 357 

MR/P and PMF fimbriae during P. mirabilis colonization of kidney and bladder [51]. 358 
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Fso, the sixth S. marcescens core CU fimbriae, belongs to the σ family. Members of this 359 

family are uncommon in other Enterobacteriaceae; however, fso was present in all S. 360 

marcescens genomes examined in our study including one instance where it was 361 

duplicated (strain B3R3). The σ CU fimbriae are considered archaic organelles widely 362 

distributed across different phyla [28], with a distinctive binding mechanism forming finger-363 

like loops at the tip of the fimbriae [52]. Despite its wide phylogenetic distribution, little is 364 

known about the morphology or function of the σ CU fimbriae. A role during biofilm 365 

formation on abiotic surfaces have been associated to the Acinetobacter baumannii σ 366 

fimbriae Csu [53]. In addition, fso promoter expression assays revealed notorious 367 

differences between SmUNAM836 and Db10, being significantly higher for the 368 

SmUNAM836 clinical isolate. It is plausible that in SmUNAM836, Fso might operate in a 369 

similar manner than Csu. However, such low transcription values in Db10 might increase 370 

under specific inducing conditions. For instance, in S. arizonae the expression of the only 371 

σ fimbriae occurs at low temperatures, allowing bacterial interaction with specific intestinal 372 

receptors of cold-blooded animals [24]. 373 

Comparison of CU fimbriae expression between strains of S. marcescens from two 374 

different origins suggest that at least some of the core CU fimbriae operate as house-375 

keeping adhesins while its large strain-specific fimbriae repertoire could represent some 376 

niche specialization. This relates to the significant variability among S. marcescens 377 

isolates of different phenotypic properties, including fimbriae-dependent yeast 378 

agglutination [54]. It may be relevant to compare CU fimbriae expression among other S. 379 

marcescens isolates particularly from nosocomial sources. 380 

Besides the core CU operons, a high variability of the CU fimbriae repertoire was noticed 381 

across the S. marcescens strains, with presumed common acquisition of different genetic 382 

loci, including the here referred as nc-CU operons. Such genomic flexibility in S. marcescens 383 

has been previously recognized, particularly in relation to the acquisition of antimicrobial 384 
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resistance determinants [31, 55–57]. Notably, a recent pangenome analysis revealed that 385 

more than half of S. marcescens genes were exclusive or accessory genes reflecting the 386 

high versatility/adaptability of this bacteria [57]. 387 

In summary, our study defined the distribution and conservation of S. marcescens CU 388 

fimbriae repertoire and provides a systematic nomenclature based on the FUP phylogeny 389 

for the 20 conserved CU operons here identified. A set of six CU fimbriae were assigned 390 

as the S. marcescens core CU fimbriae. Promoter expression analysis using two S. 391 

marcescens strains isolated from different sources supports an important role of the core 392 

CU operons fgov, fpo, and fps. Evaluation of fimbrial inducing conditions, particularly 393 

during infection, along with determination of the different adhesin alleles and their potential 394 

influence during specific tissues colonization, should represent important challenges to 395 

consider in future analysis. 396 
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Figure 1. (2 column fitting image) 618 

 619 
 620 
Figure 1. Unrooted Neighbor-Joining tree of FUP identified in S. marcescens. 621 
Phylogenetic relatedness of the 433 FUP sequences identified across 40 S. marcescens 622 
genomes. FUP sub classification was based in operon organization and locus position in 623 
the genome. Each family is emphasized with a different color. For nomenclature 624 
description the reader is referred to the main text. NJ analysis involved a total of 1077 625 
amino acid positions, and a bootstrap value of 1000.  626 
  627 
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Figure 2. (1 column fitting image) 628 

 629 
Figure 2. Organization and distribution frequency of S. marcescens conserved CU 630 
operons. Distribution frequency of conserved CU operons is shown as percentage. 631 
Genetic organization of conserved CU operons is depicted as arrow diagrams. Colors 632 
correspond to predicted protein domains as identified by the NCBI-CDD. Stripped arrows 633 
indicate a gene that may be absent in some strains; (*) indicate 1 or 2 gene subunits at 634 
that position; (¶) indicate that subunit genes may range from 1 to 5. Genes are not depicted 635 
to scale. 636 
  637 
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Figure 3. (2 column fitting image) 638 
 639 

 640 
 641 
Figure 3. Distribution of S. marcescens CU operons. The 40 S. marcescens strains are 642 
grouped according to their isolation source. CU family and CU operon assigned name is 643 
indicated on the left. A colored box denotes the presence of the corresponding operon, 644 
while its absence is represented by a black box (■). Total number of CU operons per 645 
strain (including nc-CU) is indicated below each strain name. Frequency of each CU 646 
operon is shown on the right along with the total of operons from each family. The number 647 
2 in fso line denotes that this operon is encoded at two sites within the B3R3 strain.  648 
  649 
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Figure 4. (2 column fitting image) 650 
 651 

 652 
Figure 4. Expression of fimbrial promoters of S. marcescens SmUNAM836. Promoter 653 
activity expressed as RLU was normalized to bacterial growth (AbsOD600) Measurements 654 
were performed in aerated cultures at exponential, or stationary phases using the S. 655 
marcescens strains SmUNAM836 (A) or Db10 (B). Assays followed specifications 656 
described in Methods. Data are presented as mean values ± SEM. 657 
  658 
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Table 1. Bacterial strains and plasmids 659 
Strain or plasmid Relevant characteristics* Source/reference 

E. coli strains   

DH5α F¯ ϕ80dlacZ∆M15 ∆(lacZYA-argF) U169 endA1 recA1  
hsdR17(rK¯ mK+ ) supE44 thi-1 ∆gyrA96 relA1 Laboratory Stock 

S. marcescens strains   

SmUNAM836 
Clinical isolate from the bronchial aspiration of a patient 
with chronic obstructive pulmonary disease in Mexico 
City 

[32] 

Db10 Non-pigmented strain isolated from moribund Drosophila 
flies [33] 

Plasmids   

pSEVA246 Reporter plasmid harboring the luxCDABE operon, ColE1 
replication origin, Kanamycin resistant [58] 

pSmAO fao promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmGO1 fgoo promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmGO4 fgof promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmGO5 fgov promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmGF2 fgft promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmPO fpo promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmPT fpt promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmPV fpv promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmPS fps promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmSO fpx promoter region of S. marcescens SMUNAM836 
cloned into pSEVA246 This study 

pSmBO fbt promoter region of S. marcescens Db10 cloned 
into pSEVA246 This study 

pSmGO2 fgot promoter region of S. marcescens Db10 cloned into 
pSEVA246 This study 

pSmGO5 fgov promoter region of S. marcescens Db10 cloned into 
pSEVA246 This study 

pSmPF fpf promoter region of S. marcescens Db10 cloned  
into pSEVA246 This study 

pSmNC6 ncf6 promoter region of S. marcescens Db10 cloned into 
pSEVA246 This study 

 660 

  661 
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Table 2. Oligonucleotide primers used in this study 662 

Primer 5´-3´ primer sequencea Restriction 
enzymeb Purpose 

pfao-F 5’ TATAGAATTCAAATGTGGCAAGAGTCACCT 3’ EcoRI Primer pair to amplify 
SmUNAM836 fao promoter 
region pfao-R 5’ TATAGGATCCGGTATAACTCCCTTCAATGT 3’ BamHI 

pfgoo-F 5’ TATAGGATCCCCTACTTTCCTTAAAATTATG 3’ BamHI Primer pair to amplify 
SmUNAM836 fgoo promoter 
region pfgoo-R 5’ TATAGAATTCCGTTAAGGAGTCACTTTGAA 3’ EcoRI 

pfgof-F 5’ TATAGAATTCATGGATAACCTCATCCAGC 3’ EcoRI Primer pair to amplify 
SmUNAM836 fgof promoter 
region pfgof-R 5’ TGTGGGATCCGTACTTATTCATATAAATATCC 3’ BamHI 

pfgov-F 5’ TATAGAATTCGTCGACAGACCATTTAACG 3’ EcoRI Primer pair to amplify 
SmUNAM836 fgov promoter 
region pfgov-R 5’ TATAGGATCCCAGTTGCAGACAATACCAG 3’ BamHI 

pfgft-F 5’ TATAGGATCCGTGAAATGCCCTTTAATTTAC 3’ BamHI Primer pair to amplify 
SmUNAM836 fgft promoter 
region pfgft-R 5’ TCTAGAATTCTGCAAAGTACACCGATATAA 3’ EcoRI 

pfpo-F 5’ TATAGAATTCAGTCGATCTAATATCTCGCATAAC 3’ EcoRI Primer pair to amplify 
SmUNAM836 fpo promoter 
region pfpo-R 5’ TATAGGATCCTCATTTCTCAGGTTCCTGTAG 3’ BamHI 

pfpt-F 5’ TATAGGATCCCACGCCAAACGCCAGAACAG 3´ BamHI Primer pair to amplify 
SmUNAM836 fpt promoter 
region pfpt-R 5’ TGATCAGAATTCGCTTTTACGATCTGTTGTC 3´ EcoRI 

pfpv-F 5’ TATAGGATCCTATAACCAATTATCCTTAATCG 3´ BamHI Primer pair to amplify 
SmUNAM836 fpv promoter 
region pfpv-R 5’ TATAGAATTCCAATAACCCTGATTCTCTGT 3´ EcoRI 

pfps-F 5’ TATAGAATTCCTGTGCTTAGGCAGGGGTGG 3’ EcoRI Primer pair to amplify 
SmUNAM836 fps promoter 
region pfps-R 5’ TATAGGATCCCCAAATGCAATCACTGCAGC 3’ BamHI 

pfso-F 5’ TATAGGATCCCTTATATTCCTTGCCGTATGA 3’ BamHI Primer pair to amplify 
SmUNAM836 fso promoter 
region pfso-R 5’ TATAGAATTCGGCGATGAATGCATCGTCAC 3’ EcoRI 

pfbt-F 5’ TATAGAATTCTCACGGCAAAAGTGCGCGCC 3’ EcoRI Primer pair to amplify Db10 
fbt promoter region pfbt-R 5’ TATAGGATCCATGCCGTTGCCTTCCAACTG 3’ BamHI 

pfgot-F 5’ TGTGGGATCCTACTTTTTCATATAAGTCCC 3’ BamHI Primer pair to amplify Db10 
fgot promoter region pfgot-R 5’ TATAGAATTCGGTTTGGTCTTTTGGTGAGC 3’ EcoRI 

pfgov2-F 5’ TATAGAATTCCAGCAATTGTCCCGATTTCG 3’ EcoRI Primer pair to amplify Db10 
fgov promoter region pfgov2-R 5’ TCTCGGATCCATTTAGACTCTCGATGAATT 3’ BamHI 

pfpf-F 5’ TATAGAATTCCTCACTTCAACTTTCCTGTC 3’ EcoRI Primer pair to amplify Db10 
fpf promoter region pfpf-R 5’ TATAGGATCCGCCAGCATGATTTTATTCAG 3’ BamHI 

pncf6-F 5’ TGTGGAATTCCATTTTATTTACCCGTCAAC 3’ EcoRI Primer pair to amplify Db10 
ncf6 promoter region pncf6-R 5’ TGTGGGATCCATAGAGATTCCTTACATTCC 3’ BamHI 

158 5’ AGCGGATAACAATTTCACACAGGA 3’ N/A Confirmation of cloning into 
pSEVA246 159 5’ CTTTCGGGAAAGATTTCAACCTGG 3’ N/A 

aRestriction endonuclease sites incorporated in the oligonucleotide sequences are underlined. 
bN/A, absence of a restriction site. 
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Table 3. Distribution and location of S. marcescens ncf operons. 665 

 666 

Family Operon Strain Usher Location 
in Genome 

γ1 

ncf1 

1274 3271366 
UMH2 3433094 
UMH5 3814401; 

 50422829 

ncf2 
1274 4291001 

UMH8 5104869 
ncf3 UMH5 292442 

γ3 ncf4 UMH5 303565 

π 

ncf5 
EL1 3256580 

KS10 4684246 
WW4 692071 

ncf6 
Db11 4767165 
UMH1 4746914 

ncf7 B3R3 99811 

ncf8 
RSC-14 1749970 
UMH2 4992937 
UMH7 4872535 

ncf9 AS1 5478606 
ncf10 UMH5 (plasmid) 37930 
ncf11 B3R3 (plasmid) 52122 
ncf12 B3R3 (plasmid) 15886 
ncf13 N4-5 1162209 
ncf14 WW4 116754  
ncf15 WW4 4110612 

σ ncf16 AS-1 86537 
ncf17 AS-1 73173 
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