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Introduction

The cyclic-nucleotide, cyclic 3′,5′-AMP (cAMP), is a key 
global regulator in prokaryotes (Botsford and Harman 
1992). It is generally made in response to environmental 
carbon and helps bacteria respond to their environment 
(Bruckner and Titgemeyer 2002). In the Enterobacte-
riaceae, levels of cAMP are controlled in part by extracel-
lular glucose concentration, when glucose levels are low 
adenylate cyclases are activated to catalyze generation 
of cAMP (Botsford and Harman 1992; Lory et al. 2004). 
Conversely, cyclic-AMP phosphodiesterases hydro-
lyze cAMP to maintain homeostasis (Richter 2002). The 
cAMP signal is bound by cyclic-AMP receptor protein 
(CRP), a transcription factor which can act as a positive 
or negative regulator of gene expression (Botsford and 
Harman 1992).

Previous studies have indicated that cAMP regulates 
many processes in the opportunistic pathogen Serratia 
marcescens. These include regulation of surface struc-
tures: positive regulation of flagella production through 
cAMP–CRP control of flhDC (Stella et al. 2008; Kalivoda 
et  al. 2010) and negative regulation of fimbriae (type I 
pili) (Kalivoda et  al. 2008). In this study, “fimbriae” is 
used only to describe type I fimbriae derived from fimA-
BCD genes (Labbate et al. 2007). Secondary metabolites, 
prodigiosin and serratamolide are inhibited by cAMP–
CRP (Kalivoda et  al. 2010; Shanks et  al. 2012b), as is 
the protease serralysin (Shanks et al. 2013b). This effect 
on secondary metabolite production is partially regu-
lated through indirect control of the transcription factor 
PigP by cAMP–CRP (Shanks et al. 2013a). Similarly, the 
S. marcescens cAMP-phosphodiesterase gene (cAMP-
PDE), cpdS, was recently identified and shown to regu-
late cAMP homeostasis and fimbria production (Kalivoda 
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et al. 2013). These studies were largely performed using 
S. marcescens isolate, PIC3611.

It was previously shown that the effect of cAMP on fim-
bria production by Escherichia coli varied from strain to 
strain (Eisenstein et al. 1981) and that S. marcescens iso-
lates can exhibit phenotypic variation (Grimont and Gri-
mont 1978). Therefore, we sought to determine whether 
the cAMP-mediated phenotypes of S. marcescens are well 
conserved among environmental, laboratory, and clinical 
isolates through genetic manipulation of genes involved 
in homeostasis of cAMP and cAMP-mediated regula-
tion. This study was designed to have relevance beyond 
the genus Serratia, as cAMP, the cAMP-receptor pro-
tein class of transcription factors, and pili are conserved 
among many Gram-negative bacteria. Whereas prodigiosin 
is produced by fewer organisms, this antibiotic pigment 
has been considered a model secondary metabolite repre-
senting secondary metabolites in general (Williams 1973; 
Coulthurst et al. 2004).

Materials and methods

Bacterial strains and growth medium

Bacteria were routinely grown in lysogeny broth (LB, per 
liter: 5  g yeast extract, 10  g tryptone, 5  g NaCl) (Bertani 
2004). Where noted M9 minimal medium (Adams 1959) was 
supplemented with casein amino acids (0.06  %) and either 
glucose or glycerol (0.2 % for liquid medium and 0.4 % for 
agar plates). Kanamycin was used at 100 μg/ml for S. marc-
escens and 50 μg/ml for E. coli; tetracycline and gentamicin 
were used at 10 μg/ml. Bacteria were grown at 30 °C. Strains 
are described in Table 1. Bacteria were grown in test tubes on 
a New Brunswick TC-7 tissue culture rotor set to speed setting 
8 (~62 rpm), and optical density was measured at 600 nm in a 
1-cm cuvette for the cpdS multicopy expression experiments 
using a Molecular Devices Spectramax Plus spectrophotom-
eter, and in a 96-well plate using 150 μl of culture broth for 
the crp mutants using a Biotek Synergy 2 plate reader.

Table 1   Strains and plasmids

Strain or plasmid Description Reference or source

E. coli

S17-1 λpir thi pro hsdR hsdM+ ΔrecA RP4-2::TcMu-Km::Tn7 pir Miller and Mekalanos (1988)

S. marcescens

PIC3611 Presque Isle cultures strain number 3611 Shanks et al. (2007); Kalivoda et al. (2008); 
Kalivoda et al. (2013)

CMS1687 crp, PIC3611 with crp-Δ4 null allele from pMQ260 Kalivoda et al. (2010)

CHASM Pigmented environmental isolate Kalivoda et al. (2010)

Db11 Non-pigmented insect pathogen Flyg et al. (1980)

Nima Pigmented laboratory strain Goldschmidt and Williams (1968)

K904 Pigmented contact lens clinical isolate Kalivoda et al. (2010)

CMS2859 K904 with crp-Δ4 null allele from pMQ260 This study

K912 Non-pigmented keratitis isolate Regis Kowalski

K945 Non-pigmented keratitis isolate Regis Kowalski

K1028 Pigmented keratitis isolate Regis Kowalski

K1469 Non-pigmented keratitis isolate Regis Kowalski

K1538 Pigmented keratitis isolate Regis Kowalski

K1739 Pigmented keratitis isolate Regis Kowalski

K1937 Pigmented keratitis isolate Regis Kowalski

K2019 Pigmented keratitis isolate Regis Kowalski

UC1SER Non-pigmented isolate from neonate Morowitz et al. (2011)

Plasmids

pMQ131 oripBBR1, aphA-3, oriT, URA3, CEN6/ARSH4 Shanks et al. (2009)

pMQ132 oripBBR1, aacC1, oriT, URA3, CEN6/ARSH4 Shanks et al. (2009)

pMQ166 pMQ131 + crp Kalivoda et al. (2010)

pMQ172 pMQ132 + cpdS Kalivoda et al. (2013)

pEJK7 pMQ131 + cpdA-His8 Kalivoda et al. (2013)

pMQ236 allelic replacement vector oriR6K, I-SceI site, nptII Shanks et al. (2009)

pMQ240 I-SceI expression vector, oripSC101ts, aacC1, I-SceI Shanks et al. (2009)

pMQ260 pMQ236 + crp-Δ4 mutant allele Kalivoda et al. (2010)
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Plasmids, mutagenesis, and immunoblots

Plasmids were transferred into S. marcescens by conjuga-
tion as follows. A 0.5 ml aliquot of an overnight culture of 
donor E. coli, strain S17-1 λ pir, with a plasmid was pel-
leted by centrifugation, and the supernatant was removed. 
A 0.5-ml aliquot of acceptor, S. marcescens strain was 
added to the microfuge tube with the donor strain, pelleted 
by centrifugation, and the supernatant was removed. Fifty 
microliters of LB broth was added to the microfuge, and 
the tube was placed at 42 °C for 15 min. The bacteria were 
mixed by pipetting and were spotted on an LB agar plate 
that was incubated overnight at 30  °C. The mixture was 
then streaked out on an LB plate containing tetracycline 
(10 μg/ml) to prevent growth of the donor strain, and either 
kanamycin (100  μg/ml) or gentamicin (10  μg/ml) were 
used to select for transformed S. marcescens.

The crp gene of K904 was replaced by the crp-Δ4 allele 
as previously described by allelic replacement (Kalivoda 
et  al. 2010). The pMQ131 and pMQ132 vectors have a 
pBBR1 medium copy replicon and aphA-3 and aacC1 ami-
noglycoside resistance genes, respectively (Shanks et  al. 
2009). The pMQ131 vector was previously modified by the 
addition of crp to make pMQ166 (Kalivoda et  al. 2008). 
The pMQ132 vector was previously modified by addition 
of cpdS to make pMQ172 (Kalivoda et  al. 2013). Both 
cloned genes, crp and cpdS, were placed under transcrip-
tional control of the E. coli Plac promoter.

To verify expression of genes from the Plac promoter 
on a pBBR1-based plasmid among the strains used in this 
study, PIC3611, CHASM, Nima, K904, K945, K1028, 
K1538, K1739, K1936, and K2019 were transformed with 
pEJK7. The pEJK7 plasmid has pMQ131 with a poly-
histidine tagged version of cpdA, as a reporter, under con-
trol of the E. coli Plac promoter; the cpdA gene is the E. 
coli homolog of cpdS and is very similar in structure and 
in hydrolysis of cAMP (Kalivoda et  al. 2013). S. marces-
cens PIC3611 with the vector was used as a negative con-
trol. Cultures where grown overnight in LB medium with 
kanamycin, adjusted to OD600 = 2.0, aliquoted into 100 μl 
samples, boiled in protein gel loading buffer (Sambrook 
et al. 1989), centrifuged, 15 μl samples were separated on 
a PAGE gel, and an immunoblot with anti-his-tag antibod-
ies was performed as previously described (Shanks et  al. 
2012a). This experiment was performed on 3  days with 
consistent results.

Assays for fimbria and prodigiosin production

Yeast agglutination to measure type I fimbria production 
was performed as previously described (Kalivoda et  al. 
2008). S. marcescens with fimbriae bind to Saccharomy-
ces cerevisiae, causing the yeast to agglutinate and fall out 

of suspension, thereby changing the optical density of the 
suspension. The change in optical density at 600  nm can 
be measured to determine the relative abundance of fim-
briae for a given bacterial strain (Kalivoda et  al. 2008). 
Bacteria were grown for 18–20  h in LB broth, washed 
once with phosphate-buffered saline (PBS) and adjusted 
to OD600 =  1.0 in PBS. S. cerevisiae (Sigma product no. 
YSC2) was added to PBS (0.2 g/10 ml). Bacteria (0.4 ml), 
yeast (0.5 ml), and PBS (1.5 ml) were combined in a 1-cm 
cuvette and shaken. The no bacteria control contains only 
yeast (0.5 ml) and PBS (1.9 ml). Cuvettes were placed in a 
spectrophotometer, and the turbidity (OD600) was measured 
at 0 and 10  min using a Molecular Devices Spectramax 
Plus spectrophotometer.

Prodigiosin was measured as previously described (Kal-
ivoda et  al. 2010; Slater et  al. 2003), by ethanol extrac-
tion of 18–20  h cultures followed by centrifugation and 
measurement of absorbance at 534  nm with a 1-cm path 
length cuvette using a Molecular Devices Spectramax Plus 
spectrophotometer.

Statistical analysis

One-way ANOVA followed by Tukey’s pairwise compari-
son test and Student’s T tests were performed using Graph-
pad Prism software.

Results

Mutation of the crp gene confers conserved 
and strain‑specific phenotypes

In an effort to expand our understanding of the role of 
cAMP in biofilm formation and secondary metabolite pro-
duction by S. marcescens, a crp mutation was made in the 
ocular clinical isolate strain, K904, by allelic exchange as 
previously described (Kalivoda et  al. 2010). Since crp is 
necessary for growth on glycerol as a sole carbon source 
in tested Enterobacteriaceae including S. marcescens strain 
PIC3611 (Kalivoda et  al. 2008), we tested the K904 crp 
strain for growth in M9 minimal medium supplemented 
with glucose or glycerol. Both the previously characterized 
PIC3611 crp mutant and the K904 crp mutant were defec-
tive for growth in M9 glycerol (Fig. 1). Multicopy expres-
sion of the wild-type crp gene from PIC3611 from plasmid 
pMQ166 restored growth in glycerol, whereas the vector 
control, pMQ131, did not (Fig.  1). Strains behaved simi-
larly with the vector control and without any plasmid (data 
not shown). These data indicate a conserved role for CRP 
in regulation of carbon utilization.

Type I fimbriae from S. marcescens can be measured 
indirectly by the yeast agglutination assay (Shanks et  al. 
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2007; Kalivoda et  al. 2008, 2013). This convenient assay 
was used to assess the relative importance of cAMP in sur-
face adhesin production for bacteria grown in LB medium. 
Mutation of crp in PIC3611 conferred an increase in fim-
briae-induced yeast agglutination as previously reported 
(Kalivoda et  al. 2008); a similar trend was observed with 
the K904 crp mutation (Fig. 2).

The red pigment associated with S. marcescens, prodigi-
osin, is a model secondary metabolite. Similar to a previous 
report, prodigiosin was elevated in the PIC3611 crp mutant 
(Kalivoda et al. 2010) (Fig. 3). The opposite phenotype was 
observed with the K904 crp mutant, where mutation of crp 
reduced pigmentation (Fig. 3).

Multicopy expression of the cAMP‑phosphodiesterase 
gene, cpdS, confers strain‑specific phenotypes

Because of the opposing phenotypic prodigiosin phe-
notypes conferred by crp mutation between PIC3611 
and K904, we decided to increase the breadth of the 
study by adding more strains. A rapid screening pro-
cess for the effect of cAMP on various S. marcescens 
strains was developed. This approach involved expres-
sion of a cAMP-phosphodiesterase from a multicopy 
plasmid to decrease intracellular cAMP concentrations. 
This approach was previously used with strain PIC3611, 

where, multicopy expression of cpdS using plasmid 
pMQ172 conferred a significant decrease in intracellular 
cAMP and a significant increase in biofilm formation and 
fimbria production that mimic crp mutant phenotypes 
(Kalivoda et al. 2013).

A number of laboratory, environmental, and clinical 
strains (Table 1) were transformed with pMQ172 and the 
vector control, pMQ132. Culture turbidity of these strains 
grown in LB was determined at 20 h. Whereas the multi-
copy cpdS plasmid did not affect growth of PIC3611, it 
inhibited growth of many of the other isolates compared 
with the same strain with the vector control (Fig.  4). As 
a control to verify expression of cAMP-PDE protein 
resulting from the plasmid-borne cAMP-PDE expression 
among these strains, PIC3611 and 9 arbitrarily chosen 
strains were transformed using pEJK7, which has a poly-
histidine tagged version of the cpdS homolog from E. 
coli, cpdA. Immunoblot analysis supported that the tested 
strains had similar levels of cAMP-PDE protein (data not 
shown).

Fimbriae-dependent yeast agglutination was increased in 
the PIC3611 strain with pMQ172 compared with the vector 

Fig. 1   Culture density of crp mutants. Single colonies were taken 
from LB agar plates and used to inoculate M9 medium (5 ml) supple-
mented with casein amino acids (0.06 %) and either glucose (0.2 %) 
or glycerol (0.2 %). Bacteria were grown for 20 h at 30 °C with shak-
ing and the OD600 was measured. The mean and standard deviation of 
three independent cultures measured on two separate days is shown. 
p131 = pMQ131, the vector control, and p166 = pMQ166, the vector 
with the wild-type crp gene

Fig. 2   Yeast agglutination of crp mutants as a measure of fimbria 
production. Bacteria were grown overnight, adjusted to OD600 = 1.0 
and assessed for their ability to induce precipitation of S. cerevisiae. 
Total data from 3 separate experiments are shown representing 5–6 
independent biological replicates, except for no bacteria that serves 
as a negative control (black bar), with 3 independent replicates. 
p131 = pMQ131, the vector control, and p166 = pMQ166, the vector 
with the wild-type crp gene. Mean value + SEM is shown. Asterisks 
indicate significant difference (p < 0.05) as assessed by ANOVA and 
Tukey’s pairwise comparison test
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control, as previously shown (Kalivoda et al. 2013). Simi-
larly, the K904 strain produced more yeast agglutination, 
consistent with the behavior of the crp mutant. Most strains 

did not show stimulation by pMQ172, and one strain was 
reproducibly reduced in yeast agglutination potential, 
K1937 (Fig. 5).

Prodigiosin was measured from the pigmented strains, 
and it was elevated in strain PIC3611 with pMQ172 com-
pared with pMQ132 (Fig.  6). Some strains, PIC3611, 
K904, Nima, and CHASM produced pigment in both liquid 
culture medium and on plates, and prodigiosin was meas-
ured from the liquid cultures from these strains (Fig.  6). 
Other strains produced pigment only on agar plates 
(K1028, K1538, K1735, K1937, and K2019); these strains 
were compared qualitatively on LB agar plates (data not 
shown). Surprisingly, prodigiosin was severely reduced by 
pMQ172 in 6 of the 9 pigmented strains, with no red pig-
ment being observed from any of the strains except Nima 
which exhibited reduced pigment with pMQ172, K904 
which did not appreciably change, and PIC3611 which pro-
duced more prodigiosin.

Discussion

Two genetic approaches, deletion of the crp gene and 
multicopy expression of a cAMP-PDE gene were used to 
determine whether cAMP–CRP regulated phenotypes of 
S. marcescens are conserved among strains. Creation of 
a crp null mutation in a clinical strain confirmed the fun-
damental role of CRP in catabolite control, as the tested 
crp mutant strains were able to grow in minimal medium 
with glucose, but not glycerol, as a sole carbon source. 
The crp mutation in K904, similar to PIC3611, stimulated 
fimbria production as assessed by yeast agglutination. 

Fig. 3   Secondary metabolite production by crp mutants. Bacte-
ria were grown overnight in LB medium. Culture density was read 
at OD600, and prodigiosin was extracted with acidified ethanol and 
measured (A534). Data from three separate experiments are shown 
with 5-6 independent biological replicates. p131 = pMQ131, the vec-
tor control, and p166 = pMQ166, the vector with the wild-type crp 
gene. Mean value + SEM is shown. Asterisks indicate significant dif-
ference (p < 0.05) as assessed by ANOVA and Tukey’s pairwise com-
parison test

Fig. 4   Culture density of 
strains expressing cAMP-PDE 
from a multicopy plasmid. 
Bacteria were grown overnight 
in LB for 20 h at 30 °C, and 
the optical density (OD600) was 
measured. Data from 4 separate 
experiments, with 3–4 inde-
pendent biological replicates 
per strain. p132 = pMQ132, 
the vector control, and 
p172 = pMQ172, the vector 
with the wild-type cpdS gene. 
Mean value + SEM is shown. 
Asterisks indicate significant 
difference (p < 0.05) as assessed 
by ANOVA and followed by an 
unpaired two-tailed Student’s 
T test
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Surprisingly, mutation of crp increased prodigiosin pro-
duction by PIC3611, but reduced it in strain K904.

It was observed that all strains expressing cpdS from 
pMQ172 achieved lower culture turbidity, with the excep-
tion of PIC3611. Multicopy expression of cpdS could be 
expected to reduce growth through reduction in cAMP 
and thereby reducing the metabolic repertoire of the 
strain. For the most part, type I fimbria production was 
not affected by pMQ172, with the exception of PIC3611 
and K904 that produced elevated yeast agglutination, and 
K1937, which had the opposite phenotype. PIC3611 with 
multicopy cpdS produced more of the secondary metabo-
lite, prodigiosin, than with the vector alone. However, 
unlike yeast agglutination where most strains were indif-
ferent to multicopy expression of cpdS, all but PIC3611 
produced less prodigiosin with pMQ172 than with the 
vector control.

The results here present an example of a surprising phe-
notypic variation across strains of a single species follow-
ing manipulations of cAMP signaling. While the role of 
a specific protein or signaling system can be highly con-
served across strains of Serratia and other genera (Lab-
bate et al. 2007; Shanks et al. 2007, 2013a), similar, seem-
ingly opposite phenotypes elicited from the same stimulus 
or mutation have been observed. Notably, the example of 
cAMP-induced fimbriae differences among E. coli strains 
has been documented (Eisenstein et al. 1981). CRP can act 

Fig. 5   Yeast agglutination of strains expressing cAMP-PDE from 
a multicopy plasmid. Bacteria were grown overnight, adjusted to 
OD600 = 1.0 and assessed for their ability to induce precipitation of 
S. cerevisiae. Total data from 3 separate experiments are shown repre-
senting 5–6 independent biological replicates per strain. No bacteria 

is the negative control (black bar). p132 = pMQ132, the vector con-
trol, and p172 = pMQ172, the vector with the wild-type cpdS gene. 
Mean value + SEM is shown. Asterisks indicate significant difference 
(p < 0.05) as assessed by ANOVA and followed by an unpaired two-
tailed Student’s T test

Fig. 6   Secondary metabolite production by strains expressing 
cAMP-PDE from a multicopy plasmid. Bacteria were grown over-
night in LB medium. Culture density was read at OD600, and prodigi-
osin was extracted with acidified ethanol and measured spectropho-
tometrically (A534). Data from 7 independent biological replicates 
from two experiments are shown. p132 = pMQ132, the vector con-
trol, and p172 = pMQ172, the vector with the wild-type cpdS gene. 
Mean value + SD is shown. Asterisks indicate significant difference 
(p < 0.05) as assessed by ANOVA and followed by an unpaired two-
tailed Student’s T test
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as both a positive and negative regulator of different genes, 
so it is possible that it could act in the opposite manner in 
a strain-dependent fashion. However, our unpublished and 
published data indicate that CRP does not directly regu-
late the prodigiosin or fimbriae operons, but rather control 
these through intermediate transcription factors (Kalivoda 
et  al. 2010; Shanks et  al. 2013a). Therefore, it is reason-
able to expect that a complex interplay of several signals 
is involved in control of these processes, of which cAMP-
dependent signaling is only one. Additionally, factors such 
as phase variation and epigenetic factors may be different 
among strains.

Whereas there are clear instances of strain-dependent 
phenotypes following genetic manipulations between 
strains of a given species (Taylor et  al. 1987; Guvener 
and McCarter 2003; Coulthurst et al. 2004; Muller et al. 
2009; Zielinska et  al. 2011), this phenomenon is likely 
to be more widely spread than is appreciated. There are 
examples of researchers utilizing multiple strains to test 
the importance of a particular factor in their process of 
interest (Fuchs et al. 2010; Murdoch et al. 2011; Zegans 
et al. 2012), but more often than not, a single laboratory 
strain is used thereby limiting the power of these studies. 
Nevertheless, the major implication of this study is that 
experiments performed on a single strain, no matter how 
elegant and thoroughly controlled, should not be used to 
make blanket statements about the behavior of a given 
species.
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