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ABSTRACT Serratia marcescens is a highly environmentally adaptable gram-negative
bacterium which can be found in both free-living and host-associated lifestyles, where
it can function as either a commensal or a pathogen. The diverse array of secreted
factors produced by S. marcescens is suggested to facilitate this adaptability. Here, we
describe and validate a class of secreted bacteriocins, called class Il microcins, which
have not previously been described in S. marcescens. Putative class Il microcins are found
in the majority (96%) of genomes analyzed here, including representative strains from
numerous diverse lifestyles. The type of microcin in a given genome has some corre-
spondence to the isolation source of its S. marcescens strain of origin. We demonstrate
that heterologous secretion of these microcins can be used to validate their antibacterial
activity, yielding 17 confirmed class Il microcins from S. marcescens. Testing against a
panel of S. marcescens, consisting predominantly of strains pathogenic to humans or
insects, shows S. marcescens microcin activity ranges from narrow to broad spectrum.
Identifying class Il microcins and other factors which may contribute to interbacterial
competition or colonization by S. marcescens could inform strategies to prevent S.
marcescens infections.

IMPORTANCE Serratia marcescens is an abundant bacterium in many different
environments, but it also represents an important opportunistic pathogen of humans
and other animals. Our finding that S. marcescens encodes numerous antibacterial
class Il microcins is important to understanding factors that may contribute to the
lifestyle versatility of this bacterium. Interfering with factors that promote competition or
colonization could aid infection prevention.
KEYWORDS antibacterial, competition, bacteriocin, secretion, gram-negative, microcin
lass Il microcins are a group of small bacteriocins which have long been known to
be produced by a few species of Enterobacteriaceae, primarily E. coli. Some class Il
microcins have shown promise as regulators of pathogens within the gut microbiome
(1-3), generating interest in microcins as tools to control specific bacteria or regulate the
microbiome (4). Recently, a proliferation of evidence shows that class Il microcins have
unaccounted for diversity and abundance within and beyond the Enterobacteriaceae (5,
6), including functionally characterized examples from Acinetobacter baumanii (Moraxel-
laceae) (7), Vibrio cholerae (Vibrionaceae) (8), and numerous species of Enterobacteriaceae
9).

Our previous systematic in silico evaluation of class Il microcin prevalence in a
large collection of E. coli genomes found that 23.5% of genome assemblies contained
confirmed or putative microcins (5). However, a superficial scan of select non-Entero-
bacteriaceae genomes (one representative genome per species) suggested far greater
prevalence in the Yersiniaceae, at 51.9% of genomes (5). Closer inspection indicated that
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Serratia spp. accounted for much of this prevalence; 80% of Serratia spp. genomes in
this small data set contained putative class Il microcins. The most well-known species,
Serratia marcescens, inhabits an array of aquatic, soil, and host organism environments
and possesses a highly plastic genome (10). Importantly, it is an opportunistic pathogen
of diverse unrelated taxa including humans (11), honey bees (12), and corals (13), making
finding new options to regulate or treat S. marcescens infections a valuable endeavor.

Here, we describe the diversity and prevalence of S. marcescens class Il microcins and
confirm their antibacterial activity. Examination of a large collection of S. marcescens
genomes with our bioinformatic pipeline (9) reveals that microcins are present in the
majority of strains from this species, usually with multiple microcins found within a
single genome. Furthermore, we demonstrate that some of these secreted microcins
have antibacterial activity against S. marcescens, including multidrug-resistant strains,
and that microcin type has some correspondence to the environmental isolation source
of its strain of origin. This broad prevalence suggests that class Il microcins convey some
ecological advantage for S. marcescens that remains to be examined.

RESULTS

Putative class Il microcins are highly abundant in Serratia marcescens
genomes

Using the first iteration of our class Il microcin detection pipeline (5), 1,621 S. marcescens
genome assemblies were screened in silico for class Il microcins, yielding 2,175 hits from
1,508 (93%) of the assemblies (File ST). We proceeded with only those hits that termina-
ted in a stop codon (n = 2,153) and deduplicated the sequences, resulting in a total of
93 unique hits (File S1). These unique putative microcins were named by their species of
origin (Serratia marcescens) plus a chronological number: SM001-SMO080. The remaining
13 unique sequences differed only in their cleavable signal sequence, rather than the
core microcin sequence; these are named by appending “difsig” (different signal) to the
name of the microcin with the same core sequence, e.g.,, SM017 and difsigSM017 have
the same core sequence but a different signal sequence.

Class Il microcins are divided into class lla and class Ilb (14). The C-termini of class Ilb
microcins contain a ~10 amino acid glycine- and serine-rich sequence motif (15). This
motif is recognized by co-locally encoded post-translational modification proteins which
attach a siderophore moiety to facilitate target cell uptake of the microcin (15). Notably,
none of the 93 putative class Il S. marcescens microcin sequences possess the canonical
class llb C-terminus motif (File S1). This suggests they are either class Illa microcins,
which have no post-translational modifications other than disulfide bonds (14), or an
as-yet-defined subclass of microcins.

A phylogeny of the 93 unique sequences (Fig. S1) was generated to guide selection
of putative class Il microcins for antibacterial activity screening. As with our previous
phylogenetic analyses of class Il microcins (5, 9), many basal relationships are unresolved,
but some well-supported clades are observed. We labeled 11 major clades (clades 1-XI),
leaving 5 single, unrelated sequences. Among the 80 unique core microcin sequences,
40 abundant and/or diverse sequences were selected for cloning and testing (Fig. S1; File
S1). Among these 40 selected sequences, 2 are described in our recent work on class
Il microcins in the Enterobacteriaceae (9). Here, sequences SM012 and SMO070 identi-
fied in S. marcescens are identical to putative microcin EN313 and confirmed microcin
EN663, respectively, which are encoded by Klebsiella pneumoniae. Antibacterial activity
screening of these 40 putative class Il microcins is described in further detail below.

While the present work was completed using our original class Il microcin detection
pipeline (5) as described above, our subsequent publication of an updated pipeline
(9) provided the opportunity to test its ability to improve genomic detection of the
93 unique putative microcins in our study data set and update their abundance data
accordingly. We reanalyzed the genome assembly data set with the improved pipeline,
which increased the total count of detected microcins; 4,809 hits to the 93 putative
microcins were identified among 1,562 (96%) of the assemblies (average of 3 hits per
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assembly; File S1). Though some new sequences were identified (File S1), we restric-
ted our downstream analyses to the 93 original sequences. Because their amino acid
sequences are the same as those found by the first pipeline, new hits to these 93 putative
microcins can be attributed to improved open-reading frame (ORF) detection, rather
than changes to the profile hidden Markov model (pHMM) (9). Hits were dominated by
a small number of highly abundant sequences: the top 13 most abundant sequences (all
comprising >1% of total hits) accounted for 89.2% of hits (File ST). SM027, SM051, and
SMO017 were particularly prevalent; they were detected in 56%, 55%, and 43%, respec-
tively, of all assemblies containing microcins. Multiple microcins were usually detected
per assembly (Fig. 1A); of assemblies with putative microcins, 74% encoded more than
one microcin.

Due to the prevalence of genomes containing multiple putative class Il microcins, the
93 unique microcin sequences were assessed for co-association. A total of 18 unique
microcin sequences were co-associated with another microcin in 31 combinations (File
S1). A network plot (Fig. 1B) showed that their co-associations resolve into three separate
clusters: one large group of 14 putative microcins and two pairs of co-associated
microcins. The four most abundant putative microcins (SM027, SM051, SM017, and
SMO064) were strongly associated with each other in the largest cluster. Among all S.
marcescens assemblies analyzed here, 372 (23%) encoded all four of these microcins.

To provide additional support for class Il microcin production by S. marcescens,
assemblies encoding putative microcins were screened for evidence of their secretion
machinery. Class Il microcins are secreted via a microcin type | secretion system (mT1SS)
(16). A key component of the mT1SS is the peptidase-containing ABC transporter (PCAT),
which is required to recognize and cleave the microcin signal sequence in the initial step
of export (17-19). Among the 1,562 assemblies with putative microcins, all but 5 (0.3%)
encoded a PCAT (File S1). While most encoded a single PCAT (52.6%), many encoded
more than one (47.1%).

To examine the genetic organization of some high abundance, co-associated putative
microcins, we selected S. marcescens Db11 and SM39 (10), an insect isolate (Droso-
phila melanogaster) and a human multidrug-resistant clinical isolate, respectively. Their
complete genome sequences have been compared previously (10). Both strains encode
SMO027, difsigSM017/SM017, and SMO051 in close proximity to each other (Fig. 1C).
Adjacent, but encoded in the opposite direction, are the PCAT and membrane fusion
protein (MFP) (20) needed for export. Encoded among the microcins, there are several
potential post-translational modification genes with BLAST similarity to the following:
non-ribosomal peptide synthetase/amino acid adenylation domain-containing protein,
AMP-binding protein, toxin-activating lysine-acyltransferase, MchC protein (modification
protein for MccH47) (21), and Dcp (dipeptidyl carboxypeptidase Il). Though the putative
S. marcescens microcins lack an obvious canonical class llb C-terminal sequence motif (4),
in this example (Fig. 1C), SM051 has abundant C-terminal serines and is nearest of the
three putative microcins to the potential modification genes. S. marcescens SM39 also
encodes SM020 and SM064, but these are encoded at different locations in the genome
(Fig. 1C). Most potential microcin immunity proteins are unannotated, consistent with
our previous findings that immunity proteins, which are often small, can be overlooked
by annotation software and may need to be manually predicted (9).

E. coli microcin type | secretion system is configured to secrete S. marcescens
microcins

We previously demonstrated the use of an E. coli mT1SS for heterologous secretion of
class Il microcins and other small proteins directly to the extracellular medium (8, 9,
22). We planned to use this E. coli mT1SS for secretion of putative S. marcescens class Il
microcins to confirm their antibacterial activity against a panel of S. marcescens strains.
Heterologous production from E. coli DH5a, a K-12 derivative strain, was selected to
eliminate interference from other natively produced S. marcescens antibacterials (23) and
because factors regulating native microcin expression are poorly characterized (4).
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FIG 1 Class Il microcin prevalence among Serratia marcescens strains. (A) Pie slices represent the proportion of S. marcescens genome assemblies (n =
1,621) containing 0-6 of 93 unique putative microcin hits predicted in silico. The majority of strains (96%) encode at least one putative class Il microcin.
(B) Co-association of different putative class Il microcins within the same S. marcescens genome. A co-association network plot was generated for the 18
microcins found to be co-associated with one or more other microcins from 1,562 genome assemblies. Edge widths represent the strength of the association
between a microcin pair as determined by chi-square tests, as calculated using the negative logarithm of resulting P-values. Node size is proportional to the
percentage of total hits, normalized by the square root, and nodes are colored by microcin clades identified from phylogenetic analysis. (C) Example gene
organization for co-associated putative microcins SM027, difsigSM017/SM017, and SMO051 from S. marcescens isolates Db11 and SM39. Isolate SM39 also encodes
putative microcins SM020 and SMO064 in different genomic locations. Loci, with locus tags listed beneath if annotated on the genome assembly, are colored by
putative function.

First, it was necessary to determine if the microcins had a toxic effect on the E.
coli secretor, which could inhibit their efficient secretion. E. coli and S. marcescens are
members of the Enterobacterales order, albeit in different families (Enterobacteriaceae
and Yersiniaceae, respectively) (24). Though microcins tend to be active toward species
more closely related to their species of origin (14), they can also be active toward
more distantly related species (9). So, while we hypothesized that some S. marcescens
microcins would be active toward S. marcescens strains, we could not exclude activity
toward other species, including E. coli, a priori.

The 40 S. marcescens class Il microcins selected in silico (Fig. S1), and an empty vector
negative control (NC), were cloned and transformed into E. coli containing the mT1SS.
These E. coli strains were then assessed for growth inhibition during secretion of their
respective putative microcins, as we have done previously (9). The optical densities
(OD600) of E. coli strains in liquid culture were measured over time, with and without
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induction of microcin expression, and the area under the curve (AUC) was computed
per growth curve. For 12 of the E. coli strains tested (Fig. 2A), growth was inhibited
when microcin expression was induced compared to the uninduced condition (P =
0.029, Wilcoxon rank-sum tests), indicating that these microcins are antibacterial toward
the secreting strain. This screening methodology was previously validated to detect
antibacterial activity of class lla microcins and some class llb microcins (9).

For microcins which inhibited the growth of their E. coli secretor, we needed to
identify an immunity protein. Class Il microcins are natively encoded adjacent to
their cognate immunity protein, which is canonically an inner membrane protein that
protects the microcin-producing cell from microcin toxicity. Coexpression of the cognate
immunity protein in our mT1SS can enable efficient microcin secretion and detection of
antibacterial activity toward target strains of interest (9). Immunity proteins (File S1) were
predicted in silico for all 12 microcins which inhibited the growth of the E. coli secretor
(Fig. 2A) and for 9 select microcins which did not obviously inhibit E. coli growth, in case
these also improved secretion.

Secreted S. marcescens microcins have antibacterial activity toward S.
marcescens

E. coli mT1SS strains secreting the 40 selected S. marcescens microcins, with and/or
without putative cognate immunity proteins encoded and coexpressed (File S1), were
tested for antibacterial activity against a panel of 24 S. marcescens isolates. These isolates
originated from humans (n = 17), insects (n = 6), or water (n = 1; the species type strain).
Human-origin isolates included both carbapenem-susceptible and carbapenem-resistant
isolates; carbapenems are the last line treatment for complicated and/or multi-drug-
resistant Serratia infections. A zone of inhibition (ZOI) assay was employed to test for
microcin antibacterial activity, where the E. coli microcin secretor was spotted onto an
agar plate containing a bacterial lawn of each target S. marcescens strain (Fig. 2B) (9).
When microcin expression is induced, growth of a susceptible target strain is inhibited in
the area around the secretor.

Initially, ZOlIs from microcin secretors co-encoding putative immunity proteins (n =
21) were compared to ZOls from the corresponding microcin-only secretors. If ZOI size/
intensity was either unaffected or improved by coexpression of the putative cognate
immunity protein, then the immunity-encoding strain was used in all final ZOI analyses.
Immunity coexpression was selected for all seven microcins identified as antibacterial
against S. marcescens based on these initial ZOl comparisons (Fig. S2).

Seven of the 40 class Il microcins tested produced a ZOl on one or more of the 24
S. marcescens target strains under the conditions tested (Fig. 2B; File S2). The diameter
and intensity of ZOls produced by each microcin varied by strain. One or more active
microcins were identified to inhibit 20 of the 24 target strains. SM008 is the most broadly
active of the microcins tested here. Secreted SM008 inhibits the growth of 16 (67%) of
the S. marcescens strains analyzed. Interestingly, the two broadest antibacterial range
microcins (SM008 and SM063; Fig. 2B; File S2) were found rarely in the genome assembly
data set: SM008 was found 19 times (0.40% of hits), and SM063 was found 3 times (0.06%
of hits) (File S1).

Because 12 S. marcescens class Il microcins inhibited the growth of the E. coli secretor
in self-inhibition growth curve assays (Fig. 2A), we followed up with ZOIl assays to
determine if secreted S. marcescens microcins could also inhibit E. coli target cells. With
co-encoded putative immunity proteins now available to ostensibly protect the E. coli
secretor strains, ZOl assays were conducted against E. coli W3110, a K-12 derivative
closely related to the DH5a secretor (25). No ZOls against E. coli W3110 were observed
(Fig. S3A). To explain this difference, we considered the possibility that a portion of
the microcin exported from the secretion system is leaked into the periplasm, and this
causes E. coli self-inhibition (Fig. 2A), rather than re-entry of the fully exported microcin
across the outer membrane. Mature microcins contain a C-terminal uptake domain
(interacts with the outer membrane receptor) and an N-terminal antibacterial domain
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FIG 2 Antibacterial activity testing of putative class Il microcins from Serratia marcescens. (A) Growth inhibition of Escherichia coli during heterologous secretion
of S. marcescens microcins in the absence of a cognate immunity protein. Sequence diverse S. marcescens microcins (n = 40) and an empty vector negative
control (NC) were heterologously secreted from E. coli via a microcin type | secretion system (mT1SS). Cell density (absorbance at OD600), with or without
induction of microcin expression, was monitored for 6 h. A microcin is considered antibacterial (n = 12; plots in black boxes) if E. coli growth is significantly
inhibited when microcin expression is induced compared to the uninduced control (P = 0.029, Wilcoxon rank-sum tests of area under the curve). Inhibition of the
E. coli secretor suggests that a cognate microcin immunity protein is needed for efficient heterologous secretion. (B) Growth inhibition of Serratia marcescens

(Continued on next page)

April 2026 Volume 92  Issue 4 10.1128/aem.00259-26 6


https://doi.org/10.1128/aem.00259-26

Full-Length Text

Fig 2 (Continued)

Applied and Environmental Microbiology

by class Il microcins. Class Il microcins from panel A were tested for antibacterial activity against 24 strains of S. marcescens in zone of inhibition (ZOl) assays.

Each E. coli secretor strain, coexpressing a microcin and its cognate immunity protein, was spotted onto an agar lawn containing an S. marcescens target strain

and incubated to observe growth inhibition. ZOI are shown only for the 7 microcins (y-axis) which produced a ZOl on one or more of a panel of 24 strains of S.

marcescens (x-axis). Results from an empty vector negative control (NC) secretor, with no microcin encoded, are also shown for all S. marcescens strains. Strains are

grouped by isolation origin (water, insect, or human). ZOl images shown here are representative of an assay performed at least in triplicate.

(interacts with the inner membrane receptor/target) (26). If a strain is susceptible to
a microcin’s antibacterial domain, but not its uptake domain, periplasmic leakage of
secreted microcin would result in self-inhibition, but exogenous microcin would not
produce a ZOl. Periplasmic leakage during secretion has been reported for MccV (27),
which we show here using a split-luciferase complementation assay (28) (Fig. S3B and
C); this leakage may explain why E. coli self-inhibition is seen during growth curves, but
there is no evidence of direct inhibition during ZOI assays. Nonetheless, including both
the S. marcescens ZOlI results presented here (Fig. 2B; Fig. S2), as well as evidence from
E. coli self-inhibition growth curves (Fig. 2A), we have demonstrated antibacterial activity
for 17 microcins from S. marcescens.

Relationships between microcin sequence, antibacterial activity, and
isolation source

To illustrate the sequence relationships between the 40 cloned putative class Il microcins
and contextualize them in terms of the in vitro antibacterial activity analyses, we pruned
the previous 93-microcin phylogeny (Fig. S1) to show only these 40 sequences and
updated the numbers of hits per sequence identified using the improved microcin
detection pipeline (9) (Fig. 3A). These 40 microcins accounted for 4,140 (86%) of the
hits to the 93 unique microcin sequences. Summary columns adjacent to the phylogeny
describe (i) inhibition of E. coli DH5a growth during secretion (+/-) and (ii) inhibition of
any S. marcescens strain by ZOl assay (+/-) (Fig. 3A).

Interestingly, only two microcins (SM064 and SM079) both inhibited the growth of E.
coli and produced a ZOl on S. marcescens (Fig. 3A). Both microcins belong to the same
phylogenetic clade (clade X), indicating they have sequence similarity. Other phyloge-
netic patterns of antibacterial activity can be observed. For example, all tested microcins
in clade IX (n = 3) inhibit the growth of E. coli, but no ZOl were observed against S.
marcescens. There are also other cases where microcin pairs with sequence similarity are
both active. For some clades (ll, IV, VII), there was no observation of antibacterial activity
for any microcin.

Due to the known diversity of sources and lifestyles of S. marcescens, we wanted
to determine if there was a relationship between carriage of particular S. marcescens
microcins and the isolation source of their strain of origin. We hypothesized that
S. marcescens microcin type and prevalence vary by isolation source. To assess this,
available metadata was used to assign a source category per strain: human, soil,
hospital, wastewater, insect, coral, plant, mammal, water, mollusc, or other. The latter
10 categories are collectively referred to as “nonhuman” sources. Strains in the human
category were further subcategorized: blood, respiratory, gastrointestinal, urinary, or
wound. Accordingly, hits to all 93 putative class Il microcins were assigned to their strain
source (File S1).

For the 40 microcins tested in vitro, the percentage from human vs nonhuman S.
marcescens isolates was plotted in a bar chart corresponding to microcin phylogenetics
(Fig. 3A). A second bar chart subdivides the nonhuman group into its specific source
category percentages per microcin. Most microcins (n = 3,886; 80.8%) were encoded
in isolates from humans, reflecting the frequency of clinical strain isolation. However,
distinct differences in carriage rate by isolation source are seen for individual micro-
cins. Among the 14 most abundant microcins, 11 were significantly more abundant in
either human (n = 5) or nonhuman (n = 6) isolates (File S1; Fig. 3A). The four most
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Fig 3 (Continued)

the 1,621 screened genome assemblies in parentheses, if greater than one. Per microcin, presence/absence of antibacterial activity detected in two different
assays is indicated. “E. coli growth curve” reflects the detection of growth inhibition of the E. coli microcin secretor in a growth curve assay. “Serratia ZOI" reflects
the detection of inhibition of one or more S. marcescens target strains by secreted microcin in a zone of inhibition (ZOl) assay. For each microcin hit, the isolation
source of the parent strain was determined. The percentage of hits per microcin from human vs nonhuman sources is displayed in a bar chart. A second bar
chart displays percentages of different sources for the nonhuman fraction from the first bar chart. All residual microcins not attributed to one of the nine classes
shown here are grouped into the “other” category. Significant enrichment of microcins in specific sources, based on chi-square tests, is indicated. Three microcin
signal sequence variants not shown here were also significantly enriched: difsigSM017 (nonhuman samples; P < 0.001), difsigSM020 (human samples; P < 0.05),
and difsig2SM064 (human samples; P < 0.05) (File S1). (B) Sources for putative class Il microcins encoded by S. marcescens strains isolated from humans. For the
top 10 most abundant microcins overall, the percentage of hits attributable to the top 5 human isolation sources (blood, respiratory, gastrointestinal, urinary, and
wound) is indicated. Percentages >15% are noted per column. Significant enrichment of microcins in specific sources, based on chi-square tests, is indicated.

abundant microcins (SM027, SM051, SM017, and SM064) are more often found in human
isolates (Fig. 3A) and are the most strongly co-associated (Fig. 1B). In contrast, other
abundant microcins (SM003, SM002, SM052, SM040; >1% of microcin hits each) were
significantly more frequent in nonhuman isolates (Fig. 3A). Microcin co-association data
(Fig. 1B) correlates with these observations as well; SM003/SM052 and SM002/SM040
are co-associated microcin pairs. Some of the 40 microcins were only found in human
isolates (n = 14), while some were never found in human isolates (n = 7). However,
with four human-only exceptions (SM021, SM022, SM049, and SM042), these are low
abundance microcins (<10 hits).

Among nonhuman-origin microcins, the top sources of origin for their parent strains
were, in order, soil, hospital, wastewater, coral, plant, insect, mammal, mollusc, and
water. Hospital and wastewater sources likely reflect human-associated strains to varying
degrees; microcins with hospital and wastewater sources were also frequently found
to originate from human samples. Microcins encoded by isolates from soil, plants, and
insects are relatively dispersed throughout the phylogeny (Fig. 3A). S. marcescens strains
from corals and molluscs contain a narrower selection of microcins (predominantly
SM040 and SM079). There may be a geographic element to this observation, as all coral
and mollusc isolates were collected in Florida, United States.

For the 3,037 human-origin microcins for which an isolation subcategory could be
determined, the majority were attributed to blood (46%), respiratory (27%), gastrointesti-
nal (5.9%), urinary (5.1%), or wound (5.1%) sources. For the 10 most abundant microcins
overall, a bar chart shows the percentages of each per human source subcategory
(Fig. 3B). Microcin abundance varied per isolation source, and three microcins (SM003,
difsigSM017, and SM064) were significantly more abundant in specific human sources
(Fig. 3B). SM064, which is significantly more abundant in human isolates (Fig. 3A), is
significantly more abundant in blood samples (Fig. 3B). SM013, found predominantly
in human-origin isolates (Fig. 3A), was the only microcin shown here that was never
detected in all five subcategories, as no SM013 were encoded in gastrointestinal isolates
(Fig. 3B).

Relationships between S. marcescens target strain genomics and microcin
sensitivity

Having looked at the phylogenetic relationships between S. marcescens class Il micro-
cins, we turned to the phylogenomic relationships between the 24 S. marcescens target
strains analyzed here to understand their observed microcin susceptibility. Their genome
assemblies were used to build a phylogeny, and major strain clades (I-VI) were annotated
(Fig. 4). Adjacent to this phylogeny, the presence/absence of select genetic attributes
and a heatmap of microcin sensitivity from ZOI assays are shown per strain (Fig. 4). S.
marcescens phylogenomics appears to correspond to strain isolation source (Fig. 4), as
shown previously with larger datasets (29, 30). Clades I-Il contain insect/water isolates
with a single exception, while Clades IlI-VI contain human clinical isolates with a single
exception. There is not an obvious relationship between phylogenomics and microcin
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FIG 4 Serratia marcescens isolate phylogenomics vs class Il microcin susceptibility. A panel of sequenced S. marcescens isolates (n = 24) was tested for

susceptibility to a panel of S. marcescens-origin microcins (n = 7). A core genome phylogeny of the S. marcescens isolates was generated, with Serratia symbiotica

as the outgroup. Bootstrap support values are 100% except for four terminal values in clades V and VI (range 61%-98%), indicated on the branches by their

relatively smaller-sized gray circles. Major clades are indicated by roman numerals. Genomes were screened in silico for class Il microcins, and microcin presence

is indicated by a black star (encoded microcin) or white star (same encoded core microcin with different signal sequence). Genomes were also screened for

the presence of another, larger Serratia bacteriocin (28b) and beta-lactamases (notably, SME-4 and KPC-3 are carbapenemases), as indicated by gray circles.

Susceptibility of S. marcescens strains to class Il microcins was determined via zone of inhibition (ZOl) assays, with microcins secreted heterologously from E. coli.

Microcin susceptibility per strain is displayed in a heat map (pink = ZOl present, blue = ZOI absent).

susceptibility by ZOI (Fig. 4). For example, the four isolates against which no microcin was
active span the phylogeny. However, a larger isolate collection from more diverse sources
may be needed to observe genomic patterns in microcin susceptibility.

Next, we examined the presence of natively encoded microcins in S. marcescens
target strain genomes. These isolates encoded from 1 to 5 microcins (Fig. 4). Groups
of closely related strains often carry the same microcins; e.g., all eight clade VI strains
encode SM017, SM027, and SM051, which we have shown to be co-associated (Fig. 1B).
Variations in microcin carriage are nonetheless observed among closely related strains.
Using the same example of clade VI, only 5/8 strains encode an identical set of microcins.
Collectively, these data suggest some relationship between isolate phylogenomics and
carriage of particular microcin(s), though the relationship is not strict.

Because class Il microcins are encoded adjacent to their cognate immunity protein
to protect the producing strain, the presence of a specific microcin in a bacterial strain
implies resistance to that microcin. Among the 24 S. marcescens target strains tested
here, 12 strains collectively encoded 13 instances of 3 microcins (SM008, SM020, SM064)
which produced a ZOl on one or more strains. Consistent with expectations, most of the
ZOl-producing microcins did not produce a ZOlI on the target strains in which they were
encoded. However, for SM064, weak ZOIl were observed on strains IL7 and KP1176 (Fig.
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2B). The high level of induced SM064 secretion from the heterologous E. coli mT1SS likely
overwhelmed the native immunity protein defenses.

Next, we inspected other antibacterial characteristics of the 24 S. marcescens strains.
The only characterized bacteriocin produced by S. marcescens is bacteriocin 28b, a larger
(47.5 kDa) colicin-like bacteriocin which is active toward E. coli (31, 32). Bacteriocin
28b is encoded by most of these S. marcescens strains, except for those in clades I
and IV, where it is encoded in only one strain, which has only one microcin (Fig. 4).
Additionally, we assessed these genomes for the presence of beta-lactamases, including
carbapenemases, which are clinically relevant in the treatment of S. marcescens infections
(Fig. 4; File S3). Class Il microcins identified here have antibacterial activity against some
multidrug- and carbapenem-resistant strains (Fig. 2B and 4).

DISCUSSION

Class Il microcins are remarkably prevalent in Serratia marcescens. In E. coli, the spe-
cies where class Il microcins were originally discovered (33) and which has long been
understood to be the primary producer of microcins (34), our previous analysis of 1,224
genome assemblies found that 23.5% contained class Il microcins, and 19.4% of these
contained more than one microcin (5). Here, for S. marcescens, these values increased to
96% and 74%, respectively. Our additional analyses in other bacterial species (5) support
the concept that S. marcescens has an extraordinary rate of microcin carriage. Given the
wide array of secreted factors produced by Serratia spp. (23), perhaps this should not
be surprising. Serratia secretes numerous enzymes (extracellular nuclease [35], chitinases
[36], phospholipase [37], and hemolysin [38]) and antibacterial toxins (type VI secretion
system effectors [39-43], prodigiosin [44], and the aforementioned bacteriocin 28b [31]).
Among Serratia spp., S. marcescens has by far the largest accessory genome of any
species (29), suggesting it is particularly prone to the carriage of nonessential genes that
provide an adaptive advantage. Here, we have added class Il microcins to the extensive S.
marcescens secretome.

Given that multiple class Il microcins are detected in the majority of S. marcescens
genome assemblies analyzed here, and that bacteriocin co-association is a documented
phenomenon, it is unsurprising that certain S. marcescens class Il microcins tend to be
co-associated with each other. Specific to class Il microcins, strong co-association has
been shown between microcins H47 (MccH47) and M (MccM) (45-48), as well as microcin
V (MccV) and the larger E. coli bacteriocin, colicin la (45, 49). In gram-positive lactic acid
bacteria (LAB), which are known for the production of multiple bacteriocins, it has been
suggested that the sharing of biosynthetic machinery among different bacteriocins may
ease the cellular burden of bacteriocin production (50). MccH47 and MccM share the
same mT1SS export machinery (15), and this could be the case with class Il microcins
from S. marcescens and other species as well. Interestingly, however, many of the S.
marcescens assemblies analyzed here encode more than one PCAT needed for secretion.
The specificity of multiple encoded secretion systems for multiple encoded microcins
remains to be determined.

Here, we confirmed antibacterial activity for 17 class Il microcins from S. marcescens,
either through detection of growth inhibition of a heterologous E. coli secretor or ZOl on
target S. marcescens strains. There was not much overlap between activity against E. coli
vs S. marcescens. These two species are not in the same family of bacteria, which should
decrease their likelihood of possessing sufficiently conserved protein targets required for
microcin antibacterial activity. Future work to validate native microcin secretion from S.
marcescens strains and determine the environmental cues regulating secretion would be
valuable next steps to begin examining these microcins in an ecological context. For the
putative microcins that did not produce a ZOI, many reasons exist to impede observation
of a ZOl. These include, but are not limited to, an appropriate target strain/species was
not part of our panel, limited agar solubility and/or diffusability of a given microcin
(51), ideal media composition for activity of novel microcins is unknown (1), incorrect
prediction or impeded activity of the cognate immunity protein, and/or requirement
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of additional modification proteins (e.g., for class llb microcins (52) for optimal antibac-
terial activity. Lack of secretion is unlikely to contribute to lack of ZOI. Our microcin
secretion system (8, 9, 22), as well as similar versions from other groups (53-57), has been
characterized to secrete a wide variety of heterologous, small proteins, with size (must be
microcin-sized or smaller) being the primary limitation to secretion.

Phylogenomics of the genus Serratia shows strong alignment with ecological niche
(29, 30). Because of this, we anticipated some association between the specific class
Il microcin(s) encoded by an S. marcescens strain and the strain isolation source, and
indeed, this does seem to be the case. In general, however, there are no clear phyloge-
nomic or genetic patterns selected here that appear to predict which microcins may
be active against a target strain. The outer membrane receptors or other target strain
proteins involved in the mechanism of action of these S. marcescens microcins have not
been identified; these as well as other nonspecific target strain factors including cell
surface structures (e.g., capsule polysaccharides) could affect microcin susceptibility.

Certain class Il microcins analyzed here are more abundant among nonhuman
isolation sources than human isolation sources. However, microcin prevalence, sequence
selection, and antibacterial activity characterization presented here is biased by heavy
overrepresentation of human clinical isolates. Though S. marcescens is widely dispersed
among different environments and hosts, the vast majority of genome-sequenced
isolates are of clinical origin. The fact that the two broadest antibacterial range S.
marcescens microcins targeting S. marcescens strains were infrequently detected in
sequence data and, when they were, were mostly found in nonhuman source isolates,
suggests there is value in mining for likely additional unexplored microcin diversity in S.
marcescens from nonhuman sources.

MATERIALS AND METHODS
Putative class Il microcin screening and selection in silico

Serratia marcescens (NCBIl:txid615) GenBank genome assemblies (n = 1,656) were
downloaded on 11/18/22 (File S1) and screened for class Il microcins using our micro-
cin identification pipeline, cinful v1 (5). Matches to the microcin pHMM were consid-
ered putative microcins. Review of assembly metadata downloaded from NCBI data
sets identified 36 assemblies of S. marcescens type strain ATCC 13,880; 35 redundant
assemblies (File S1) and their microcin hits were removed from downstream analyses.
A multiple sequence alignment of all unique putative microcin amino acid sequences
terminating in a stop codon (n = 93) and a gram-positive double-glycine bacterio-
cin outgroup (pediocin PA-1 and piscicolin-126) was generated with MAFFT v7.490
(58). Microcins containing excess predicted N-terminal sequence prior to the putative
15-18 amino acid double-glycine signal sequence (SM067-SM068, SM074-SM080, and
difsigSM080) were trimmed to the presumptive start codon (File S1). A phylogeny (Fig.
S1) was generated from the trimmed 95-taxon alignment with RAXML v8.2.11 (59) using
the GAMMA WAG (60) protein model, rapid bootstrapping (n = 1,000), and a search for
the best-scoring ML tree. Branches with low support values (<50%) were collapsed using
Dendroscope 3.8.8 (61). The tree was visualized in Interactive Tree of Life (iTOL) v6.9.1
(62) and annotated using the iTOL annotation editor. Based on this phylogeny, 40 unique
core microcin sequences were manually selected for cloning, including sequences that
were highly abundant, evenly distributed across the phylogeny, and rare but phylogenet-
ically distinct.

We subsequently developed an improved class Il microcin detection pipeline, cinful
v2 (9), and re-analyzed the same 1,621 S. marcescens assemblies for the presence of the
93 unique microcin sequences identified with cinful v1. Except for the initial analysis
(Fig. S1), all described microcin data come from this re-analysis with cinful v2. Cinful v2
identified some additional putative microcins (File S1), but these were excluded from
additional analysis here, which was focused on the original set of 93 hits. The 95-taxon
phylogeny (Fig. S1) was pruned to show only the 40 putative microcin sequences
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selected for cloning and the outgroup (Fig. 3A). For S. marcescens assemblies containing
one or more of the 93 unique microcins as determined using cinful v2 (9), in silico
screening for the PCAT of the mT1SS was conducted using cinful v1 (5), which can
differentiate PCATs from similar proteins lacking the necessary peptidase domain (63,
64).

Assembly metadata curation

For all genome assemblies (n = 1,562) containing one or more of the 93 unique putative
class Il microcin sequences identified with cinful v2 (9), metadata from NCBI data sets and
associated publications, if available, were manually reviewed and curated to classify the
source of each S. marcescens strain (File S1). Primary source categories with >10 observed
microcin hits are represented in downstream analyses. All other sources and unknown
sources were grouped together as “other.” For the “human” primary category, secondary
source categories with >100 observed microcins were also assigned (File S1).

Pearson’s chi-square tests were used to determine if putative microcins were encoded
in S. marcescens strains from specific sources more often than expected by chance. Tests
were conducted for human vs all other primary sources (nonhuman and other), which
included the entire microcin data set (n = 4,809 hits), and for the five human secondary
categories with >100 observed microcin hits per category (n = 2,703 hits). Standardized
chi-squared residuals were converted to P-values, which were then adjusted for multiple
comparisons using the Benjamini-Hochberg (BH) method for false discovery rate (FDR)
correction. An encoded putative microcin and a strain isolation source were considered
dependent if computed expected frequencies for all sources were >5 and the adjusted
chi-squared P < 0.05.

Class Il microcin co-association

Multiple unique microcins per genome assembly were observed, so co-association
between pairs of microcins was assessed. Hit counts per microcin from cinful v2 (9)
were tabulated per assembly. In 51 instances, the same microcin sequence was detected
in two different locations within a genome assembly. It is unknown if this is a true
duplication event or an assembly artifact. For the purposes of counts of unique microcins
per assembly and co-association analysis, microcin duplications were reduced to a
single count per assembly. The number of unique microcin sequences observed per
genome was summed. Contingency tables for pairs of microcins were generated, and
co-association was assessed by chi-squared tests. Pearson’s chi-squared tests with Yates'
continuity correction, adjusted with the BH method for FDR correction, were computed
for microcin presence/absence data per the 1,562 genome assemblies with microcins, for
a total of 4,278 paired microcin combinations. Microcins were considered co-associated
if the contingency table counts for all cells for the computed expected frequencies for
a microcin pair were >5, the odds ratio computed from the observed frequencies was
>1 (indicating a positive relationship), and the adjusted chi-squared P < 0.05. Co-associa-
tions were visualized in the R package igraph v 2.1.4 (65).

Microcin antibacterial activity screening

The 40 putative microcins selected for antibacterial activity testing were cloned into
arabinose-inducible pBAD18Km for secretion from our gram-negative bacterial microcin
secretion system, as described (9, 22). The putative double-glycine signal sequence for
each microcin (File S1) was replaced with the MccV signal sequence (cvaC15) used in the
E. coli mT1SS (22). Gene synthesis and cloning were performed by Azenta Life Sciences. E.
coli DH5q, a K-12 derivative cloning strain, was transformed with a pBAD18Km microcin
construct and the constitutively expressed gram-negative microcin secretion system
(pACYC184 CvaAB) (22). Growth curves to test for self-inhibition of the E. coli DH5a
microcin secretor in the absence of the cognate immunity protein were performed in M9
minimal medium on a BioTek LogPhase 600 Microbiology Reader (Agilent) as described
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(9). OD600 was measured every 10 min for 6 h, with and without induction of microcin
expression by 0.4% arabinose. Duplicate transformants were assayed in duplicate, for a
total of four growth curves per treatment. Area under the curve (AUC) was computed
per growth curve and compared between induced vs uninduced treatments for each
microcin by Wilcoxon rank-sum tests, as we have done previously (9). If the mean
AUC (induced) was less than the mean AUC (uninduced) and P < 0.05, the microcin
was considered antibacterial toward E. coli. For microcins which inhibited the growth
of E. coli when secreted (n = 12) and select additional microcins (n = 9), we followed
our previous methods (9) to predict cognate immunity protein sequences (File S1) by
manually searching for open reading frames encoded adjacent to each microcin and
cloning them into the pBAD18Km constructs. Immunity proteins are named by adding
“imm” to the name of the microcin. For two microcins (SM031 and SM033), two candidate
immunity proteins were tested (e.g., immSMO031 and imm2SMO031).

Zone of inhibition (ZOI) assays were performed with E. coli DH5a microcin secretor
strains individually spotted onto a lawn of an S. marcescens target strain of interest (Table
S1). E. coli secretor strains expressing a microcin only (n = 40) or a microcin + cognate
immunity protein (n = 23) were analyzed. ZOI assays were performed in M9 minimal
media as described (9). Briefly, E. coli microcin secretors (+/- immunity) were concentra-
ted to OD600 = 100, and 10 L was spotted on a M9 soft agar overlay containing target
cells at OD600 = 0.01% + 0.2% arabinose. Plates were incubated at 37°C overnight.
Z0lI assays were repeated at least in triplicate. For microcins where both +/- immunity
secretor strains were available, the variant which produced qualitatively clearer, more
easily detectable ZOI (Fig. S2), likely an indication of superior secretion, was used for final
activity screening analyses.

Split luciferase complementation assay

In an adaptation of previous work (28), the large fragment (11S) and small fragment
(pep86) of split luciferase were cloned for expression from two separate vectors. For
periplasmic export of 11S, we cloned pBAD malE-11S (Kan®), where 11S is fused to the
sec secretion system signal of MalE (28). For extracellular secretion of pep86, we cloned
PMMB67EH pep86-G3P2 + CvaAB (Amp®), for secretion from the one-plasmid version
of the gram-negative secretion system (22). Here, pep86 is fused to the well-secreted
nonsense peptide, G3P2, to increase the total cargo size to one appropriate for the
secretion system (22). Both plasmids were transformed separately or together into E. coli
DH5a.

Overnight cultures of E. coli DH5a strains (100 pL) were added to fresh LB media
plus antibiotics, and cultures were grown at 37°C until early exponential growth phase.
Cultures were treated for 2 h with 0.2% arabinose to induce the expression of 11S.
Cultures were centrifuged (4,000 rpm, 10 min), supernatant was removed, and pellets
were resuspended in LB medium without antibiotics (OD600 = 0.5). The expression of
pep86 was induced at three different IPTG concentrations (2 uM, 20 uM, or 200 pM) for
20 min. A bioluminescent reporter assay, Nano-Glo Live Cell Assay System (Promega),
was used to measure luciferase activity in a 96-well Black Polystyrene Non-Binding Flat
Bottom Microplate (Greiner Bio-One); resulting luminescence (relative light units, RLU)
was detected using the BioTek Synergy LX Multimode Reader (Agilent). One-way ANOVA
with post hoc multiple comparisons was conducted to compare treatments.

Target strain genome analyses

Genome assemblies from the S. marcescens isolates used for microcin in vitro activity
screening (n = 24, Table S1) were previously available except for S. marcescens L7,
KP1028, KP1041, KP1176, NR0342, NR0621, NR0903, NR2869, NR3317, and NR7172. DNA
was isolated from these isolates using the DNeasy Blood & Tissue Kit (QIAGEN) follow-
ing the protocol for gram-negative bacteria. Whole bacterial genome sequencing of S.
marcescens IL7 was performed by Plasmidsaurus using Oxford Nanopore Technologies
(ONT). For the other 9 isolates, a 1.5x bead-cleanup was performed after genomic DNA

April 2026 Volume 92 Issue 4

Applied and Environmental Microbiology

10.1128/aem.00259-26 14


https://doi.org/10.1128/aem.00259-26

Full-Length Text

extraction to purify the extraction and remove any small fragments that would not be
compatible with long-read sequencing. Unique index-tagged libraries consisting of 600
bp paired-end reads were generated for each isolate following the Illumina DNA library
preparation kit (Illumina) for short-read WGS. Additionally, the same genomic DNA was
prepared using the Rapid Barcoding Sequencing Kit (SQK-RBK004) for long-read WGS
(ONT). Sequencing was performed using an lllumina MiSeq instrument and an ONT
GridION using R9 flow cells, respectively, at the Columbia Microbiome and Pathogen
Genomics Core. For ONT, basecalling and demultiplexing were performed using the
MinKNOW program (ONT). Hybrid de novo assembly performed using Unicycler v0.4.8
(66) was followed by annotation using Prokka v1.12 (67) and BLAST manual curation
as previously described (68). Target strain genomes were screened for the 93 unique
putative class Il microcins terminating in a stop codon identified in our original in
silico screen of genome assemblies using cinful (5). A tblastn search of the 93 putative
microcin amino acid sequences against the 24 genome assemblies was performed using
default parameters, and identical hits were retained and summarized using the same
microcin IDs described during the initial genome screen (File S1). Target strain genomes
were screened for antibiotic resistance determinants using the ARG-ANNOT database
(69) and the Comprehensive Antibiotic Resistance Database (CARD) (70) via SRST2 (71).
Only “Perfect” hits identified by CARD are reported in the figures. Complete CARD
outputs for “Perfect” and “Strict” hits are available in File S3.

A phylogeny was generated from the 24 genome assemblies following the published
S. marcescens cgMLST scheme (72), with Serratia symbiotica CWBI-2.3 (GCA_000821185.2)
as the outgroup genome (12). In the cgMLST scheme, allele 1 for each of the 2,692
included genes is from S. marcescens Db11 (72). Per gene, megablast of allele 1 was used
to retrieve the gene homologs (max E-value 0.05) in the 25 Serratia spp. genomes. For
all genes where mean coverage = 25 for the alignment and a single hit per genome
was retrieved (n = 492), the gene alignments were concatenated. The concatenated
alignment (498,847 bp) was used to generate a phylogeny using RAXML (59) with the
GTR CAT nucleotide model, rapid bootstrapping (n = 1,000), and a search for best-scoring
ML tree. Branches with <50% support were collapsed using Dendroscope and the tree
(Fig. 4) visualized and annotated in iTOL as described above.
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