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Abstract

Mobile genetic elements, such as plasmids, phages, and transposons, are important sources for evolution of novel
functions. In this study, we performed a large-scale screening of metagenomic phage libraries for their ability to suppress
temperature-sensitivity in Salmonella enterica serovar Typhimurium strain LT2 mutants to examine how phage DNA
could confer evolutionary novelty to bacteria. We identified an insert encoding 23 amino acids from a phage that when
fused with a bacterial DNA-binding repressor protein (LacI) resulted in the formation of a chimeric protein that localized
to the outer membrane. This relocalization of the chimeric protein resulted in increased membrane vesicle formation and
an associated suppression of the temperature sensitivity of the bacterium. Both the host LacI protein and the extracel-
lular 23-amino acid stretch are necessary for the generation of the novel phenotype. Furthermore, mutational analysis of
the chimeric protein showed that although the native repressor function of the LacI protein is maintained in this
chimeric structure, it is not necessary for the new function. Thus, our study demonstrates how a gene fusion between
foreign DNA and bacterial DNA can generate novelty without compromising the native function of a given gene.

Key words: gene fusion, phage, evolution of new function, bacteria, lacI.

Introduction
How new genes emerge and evolve is a long-standing central
question in evolutionary biology, and it is of importance in
the contexts of evolution of diversity (Blount et al. 2012; Chen
et al. 2013; Farr et al. 2017), adaptive radiations (Wood and
Erwin 2018; Zhang et al. 2018), and speciation (Jenkin 1933;
Bridges 1935). Different approaches have been used to inves-
tigate the basis of how new genes are formed from pre-
existing genes, with some early experimental work done by
Sturtevant (1925) and later by Muller (1936). During the last
two decades, comparative genomics and phylogenetic anal-
ysis have given us a better understanding of these mecha-
nisms (Altschmied et al. 2002; Xing et al. 2006; Zhou et al.
2008; Dubruille et al. 2012; Carvalho et al. 2015), and although
several models (e.g., duplication–divergence, de novo, gene
fusion/fission) have been proposed for evolution of new
genes, experimental studies of the origin of novelty are
more limited (Nasvall et al. 2012; Digianantonio and Hecht
2016; Farr et al. 2017; Knopp et al. 2019).

One mechanism for creating new genes is the gene fusion
model that involves reorganization of existing genes, such
that fragments of different genes fuse together resulting in
novel functionality. Comparative genomics have provided
support for the origin of new genes by fusion. Among these,
one class includes fusion of entire domains from different
proteins that results in the novel protein performing func-
tions of both the domains. Examples of evolution of new
genes by this mechanism include the origin of tRNA

synthesases (Berthonneau and Mirande 2000; Eswarappa
et al. 2018) and fatty acid chain desaturases (McCarthy and
Hardie 1984). This mechanism for the formation of new genes
was also observed during experimental evolution studies in
Pseudomonas fluorescens, where fusion of different domains
of a desaturase and a di-guanylate cyclase resulted in the
generation of an adaptive phenotype (Farr et al. 2017). The
second class among the gene fusion models includes non-
specific chimeric formation where different fragments of dif-
ferent genes fuse together. Origins of adh-jingwei and adh-
twain genes in Drosophila species are examples of this cate-
gory (Long and Langley 1993; Jones et al. 2005).

A second mechanism of origin of new genes, especially
observed in but not limited to bacteria, is from extracellular
mobile elements that includes phage DNA and conjugative
elements (transposons and plasmids) (Treangen and Rocha
2011; Wiedenbeck and Cohan 2011; Blount et al. 2012;
Jerlstrom Hultqvist et al. 2018). These mobile elements often
result in immediate innovative changes in a one-step genetic
event and hence are an important source of generating nov-
elty. Examples of evolution of novel genes by contribution of
these mobile elements include the evolution of metabolic
pathways (Pal et al. 2005; Homma et al. 2007), diversification
of cell-envelope surface structures, synthesis of lipopolysac-
charides, and novel regulatory interactions (Nakamura et al.
2004).

We describe here an experimental example of an origin of
a new gene where both of the above-mentioned mechanisms
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interplay. Our experiments show how phage DNA when
fused with an existing bacterial gene results in novel function-
ality. More specifically, a chimeric gene is formed by addition
of a 169-bp fragment of foreign DNA to a truncated lacI gene.
When translated into a protein, due to an internal stop
codon, this 169-bp region adds only 23 amino acids to the
C-terminal of the truncated LacI protein. When expressed,
the chimeric protein can suppress temperature sensitivity in a
mutant of Salmonella enterica serovar Typhimurium strain
LT2 (designated S. Typhimurium throughout the text) at
nonpermissive temperatures. The gene fusion results in reloc-
alization of the chimeric LacI protein to the outer membrane,
which results in an increase in membrane vesicle formation
and suppression of the temperature-sensitive phenotype.
Furthermore, the native repressor functions (i.e., DNA binding
and inducer response) of the LacI protein are maintained in
the chimeric protein, even though they are not needed for
the novel function.

Results

Screening and Rescue of Temperature-Sensitive
S. Typhimurium Mutants at Nonpermissive
Temperatures
Phage metagenomic libraries were prepared to identify the
different mechanisms by which mobile genetic elements
can contribute to the rescue of temperature-sensitive
S. Typhimurium mutants at nonpermissive temperatures.
These libraries were prepared by ligating DNA extracted
from different environmental phage samples into the cloning
vector pCA24N –gfp (Kitagawa et al. 2005), and they have
previously been described in detail (Jerlstrom Hultqvist et al.
2018). The temperature-sensitive S. Typhimurium mutants
were generated by chemical mutagenesis, as previously de-
scribed (Schmid et al. 1989). We further characterized these
temperature-sensitive mutants on the basis of the range of
nonpermissive temperatures where growth was not observed
(37, 40, and 43 �C). Fifty of these temperature-sensitive
mutants were screened with five metagenomic phage libraries

(Supplementary Table 1a from Jerlstrom Hultqvist et al.
[2018]) and were selected at appropriate nonpermissive tem-
peratures. Using this experimental design, suppression of
temperature sensitivity was observed for four different
temperature-sensitive mutants (supplementary table 1,
Supplementary Material online). In three cases (DA27906,
DA27913, DA27926), suppression of temperature sensitivity
was the result of transfer of cognate genes from another
organism, which was confirmed by identifying the causal mu-
tation for the temperature-sensitive phenotype in these
strains (supplementary table 1, Supplementary Material on-
line). In the fourth case (DA27987), rescue for growth at
nonpermissive temperature was observed as a result of a
serendipitous truncation of the last 80 bp of the lacI gene
on the cloning vector and the subsequent fusion with a
phage-derived 169-bp DNA fragment (fig. 1 and supplemen-
tary table 1, Supplementary Material online). This was most
likely the outcome of the nonspecific cutting of the lacI gene
on the cloning vector by the restriction enzyme that was used
for generation of the libraries (Jerlstrom Hultqvist et al. 2018).
The temperature sensitivity in this mutant was observed at
37 �C and higher, but the chimeric LacI protein suppressed
the temperature sensitivity only at 37 �C.

Both the Phage and Bacterial Parts of the Chimeric LacI
Protein Are Required for the Novel Phenotype
To characterize the chimeric LacI protein, genetic constructs
of different lengths and properties were designed. The 169-bp
DNA fragment fused with the lacI gene, when read in-frame
with the truncated lacI, had a stop codon positioned after 23
amino acids (fig. 1 and supplementary fig. 1, Supplementary
Material online). Thus, we designed two gene constructs: the
first with the truncated lacI gene along with the complete
169-bp insert and the second with the fused insert but only
up to the stop codon. Both constructs resulted in growth of
the temperature-sensitive mutant at 37 �C (figs. 2A and 3;
supplementary fig. 1, Supplementary Material online) con-
firming that the fusion of only the 23-amino acid fragment
was sufficient for the novel phenotype. We then designed a

Chimeric lacI repressor

169 bp insert

MKPVTLYDVAEYAGVSYQTVSRVVNQASHVSAKTREKVEAAMAELNYIPNRVAQQLAGKQSLLIGVATSSLAL
HAPSQIVAAIKSRADQLGASVVVSMVERSGVEACKAAVHNLLAQRVSGLIINYPLDDQDAIAVEAACTNVPALFL
DVSDQTPINSIIFSHEDGTRLGVEHLVALGHQQIALLAGPLSSVSARLRLAGWHKYLTRNQIQPIAEREGDWSA
MSGFQQTMQMLNEGIVPTAMLVANDQMALGAMRAITESGLRVGADISVVGYDDTEDSSCYIPPLTTIKQDFRLL
GQTSVDRLLQLSQGQAVKGNQLLPVSLVKRKTTLAPNMPFDISPELGGAMLCGLQDLSSA*SNCLPLCCAESR
HDHIRSLCFSPADFILCP

Native lacI repressor
1083 bp 1000 bp

Translated Chimeric LacI protein

internal 
stop codon

23 amino acids

Trunca�on a�er 
1000 bp

FIG. 1. Chimeric LacI protein that allows growth of temperature-sensitive mutant at nonpermissive temperatures. Formation of a chimeric protein
as a result of fusion of a 169-bp insert to a truncated LacI protein (deletion of last 80 bp of the native lacI gene). The insertion results in addition of
23 amino acids (due to an internal stop codon) to the truncated LacI protein.
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construct changing the sequence of this chimeric protein at
the nucleotide level, but maintaining the sequence at the level
of the amino acids (supplementary fig. 2 and supplementary
table 2, Supplementary Material online). This recoded frag-
ment also rescued growth of the temperature-sensitive mu-
tant confirming that the translated protein product, rather
than the transcribed RNA, caused the rescue (supplementary
fig. 1, Supplementary Material online). Next, we investigated if
the truncated lacI gene (without the last 80 bp) and the fused
169-bp insert (in the same reading frame as present in the
fused protein and with a start codon in place) each individ-
ually by themselves were sufficient for the rescue of the
temperature-sensitive mutant. No rescue was observed for
either of these constructs, confirming that both parts of the
chimeric LacI protein are required for the observed new func-
tion (fig. 2A and supplementary fig. 1, Supplementary
Material online). We also designed a construct such that
the truncated lacI gene and the phage DNA insert were
both expressed from the same fragment, but were not fused
together. This was obtained by inserting a stop codon after
the truncated lacI gene, which was followed by inserting a

ribosome binding site and a start codon upstream of the
phage DNA insert. The reading frame of the phage DNA
insert was kept the same as what was observed in the chi-
meric LacI protein. No rescue was observed for this construct
either (fig. 2A and supplementary fig. 1B, Supplementary
Material online). To investigate the minimum length of the
insert needed for the chimeric protein to suppress tempera-
ture sensitivity, we removed three, five, or seven amino acids,
respectively, from the C-terminal end of the phage insert and
fused these shortened fragments to the truncated LacI. None
of these constructs was able to rescue the temperature-
sensitive mutant (supplementary fig. 1D, Supplementary
Material online). Furthermore, we also did not find significant
homology of this 23-amino acid insert to sequences in the
NCBI database (supplementary table 3, Supplementary
Material online).

The Novel Phenotype Is Specific to the LacI Protein
and to the 23-Amino Acid Insert Sequence
To investigate whether any unspecific protein when fused to
the 23-amino acid insert would result in the rescue of the

FIG. 2. Different constructs tested for their ability to rescue the tem-
perature-sensitive phenotype at 37 �C. Ability to rescue is denoted by
� and inability to rescue is denoted by �. (A) Both components of
chimeric LacI protein are essential for the novel phenotype. (B)
Specificity of LacI protein and to the 23-amino acid insert sequence
for the novel phenotype.
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FIG. 3. Recloning of the fused LacI protein under the control of an
inducible promoter. The full-length chimeric LacI protein (construct
1) and the chimeric LacI protein till the internal stop codon (con-
struct 2) were inserted in front of an IPTG-inducible promoter and
checked for the ability to suppress temperature sensitivity. All growth
rate values are normalized to growth rate of the temperature-sensi-
tive mutant with the original plasmid containing the chimeric protein
at 37 �C. Error bars represent SD.
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temperature-sensitive mutant, we constructed another chi-
meric protein fusing together a LacI-like DNA-binding pro-
tein, FruR to the 23-amino acid insert. First, we inserted the
23-amino acid insert at the C-terminal of the complete FruR
protein, and second, we deleted 26 amino acids at the
C-terminal of FruR protein (to mimic the observed truncation
in LacI protein) and then fused the 23 amino acids to this
truncated FruR (fig. 2B). None of these constructs could res-
cue the temperature-sensitive phenotype, suggesting that the
new function of the chimeric protein requires some
characteristics of the LacI protein (supplementary fig. 1,
Supplementary Material online). To investigate the specificity
of the 23-amino acid insert sequence, we generated a library
where randomized sequences (�106 unique inserts) of length
23 amino acids were fused to the C-terminus of the truncated
LacI protein (fig. 2B). The temperature-sensitive mutant could
not be rescued when transformed with this library, suggesting
that there is specificity at the level of the insert sequence as
well.

The Native Function of LacI Protein Is Maintained in
the Chimeric Protein, But It Is Not Required for the
Novel Phenotype
To investigate if the chimeric LacI protein was suppressing
temperature sensitivity by differentially regulating genes as
compared with the native LacI, we first investigated if the
chimeric LacI protein still functioned as a DNA-binding pro-
tein. To test this, we used a S. Typhimurium strain carrying
the LacO operator sequence upstream of a gene coding for a
yellow fluorescent protein (YFP). The LacO operator se-
quence is bound by LacI protein, which consequently then
inhibits transcription of downstream genes. Thus, in the pres-
ence of native LacI, the cells will not produce YFP. We then
inserted the native LacI and the chimeric LacI, separately, on
the pBAD plasmid vector under the control of paraBAD (a
native promoter that regulates expression of arabinose me-
tabolism genes). When induced using 0.1% L-arabinose, we
observed a decrease in the fluorescent signal for both the
chimeric LacI protein and the native LacI protein. This implies
that the chimeric LacI protein still performs its native func-
tion as a DNA-binding repressor (supplementary fig. 3,
Supplementary Material online). Furthermore, we also inves-
tigated if this repression was removed in the presence of IPTG,
which is a synthetic analog of lactose and removes repression
by interacting directly with the LacI protein. We observed
derepression for both the native LacI protein and the chimeric
LacI protein in the presence of 100mM IPTG (supplementary
fig. 3, Supplementary Material online). These results demon-
strate that the chimeric LacI protein maintained both of its
native functions, that is, interaction with the DNA and with
the inducer molecule. Next, we investigated if the DNA-
binding function of LacI was contributing to the novel phe-
notype. To test this, we made two previously described point
mutations (Ala10Thr and Ser21Phe) in the DNA-binding do-
main of LacI protein that have been shown to abolish the
DNA-binding ability of the LacI repressor (Betz and Fall 1988).
Using the same construct as described earlier (LacO upstream

of the fluorescent protein), we observed that both these
mutations also result in loss of DNA-binding function in
the chimeric LacI protein (supplementary fig. 3,
Supplementary Material online), however, these variants
were still able to suppress the temperature sensitivity of the
mutant. These results demonstrate that although the DNA-
binding ability of the chimeric LacI protein is maintained, it is
not needed for the novel phenotype. To further determine
the characteristics of the chimeric LacI, we also investigated if
expression of the chimeric LacI protein resulted in a fitness
cost in the wild-type strain, as compared with the growth rate
observed when only the native LacI protein is expressed.
Strains where the native LacI and the chimeric LacI were
inserted on the chromosome were used for this experiment.
The rationale behind using these strains was to specifically
measure the physiological costs of the chimeric LacI protein
by itself, without the cost that is associated with the plasmid
vector. We did not observe any fitness cost for the expression
of the chimeric LacI protein as measured by exponential
growth rate (supplementary fig. 4, Supplementary Material
online).

Four Different Mutations Contribute to the
Temperature-Sensitive Phenotype
To understand the mechanism of action of the chimeric LacI
protein, we first had to identify the underlying mutations in
the temperature-sensitive mutant and understand how they
generated temperature sensitivity. Whole-genome sequenc-
ing of the temperature-sensitive mutant led to the identifi-
cation of 48 mutations as compared with the parental
S. Typhimurium. To identify the causal mutations, we trans-
duced the temperature-sensitive mutant with a P22 lysate
that was generated using the wild-type S. Typhimurium
with the rationale that transductants selected for growth at
nonpermissive temperatures would carry the corrected wild-
type allele for the gene that is needed for the temperature-
sensitive phenotype. The transductants were selected at both
37 and 43 �C. Two different mutations were identified to
contribute to the temperature-sensitive phenotype. The first
one was a mutation in gene rfaC S151N that when corrected
allowed the strain to grow at both 37 and 43 �C. The second
mutation was in gene degP G207D that when corrected
allowed the strain to grow at 37 �C but not at 43 �C. The
rfaC gene encodes the enzyme heptosyl transferase that is
involved in the synthesis of the lipid A component of the
outer membrane, whereas gene degP codes for a protein that
functions as a chaperone and a protease especially for outer
membrane proteins OmpC, OmpF, OmpA, and LamB (Krojer
et al. 2008). We reconstructed these two mutations in the
wild-type S. Typhimurium, both individually and in combina-
tion. However, neither individually nor in combination did
these mutations result in the temperature-sensitive pheno-
type at 37 �C (supplementary fig. 5, Supplementary Material
online), and only the rfaC S151N mutation had a
temperature-sensitive phenotype at 43 �C. Additionally, the
chimeric LacI protein did not suppress the temperature sen-
sitivity caused by the rfaC S151N mutation. This result im-
plied that additional mutations were contributing to the

Warsi et al. . doi:10.1093/molbev/msaa007 MBE

1332

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/37/5/1329/5707441 by U
ppsala U

niversitetsbibliotek user on 17 August 2020

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data


temperature sensitivity at 37 �C. As both these mutations are
known to affect outer membrane integrity and cause misfold-
ing of outer membrane proteins (Coleman and Deshpande
1985; Krojer et al. 2008; Klein et al. 2014), we examined addi-
tional mutations that might exacerbate this affect resulting in
complete inhibition of growth. Two other mutations were
identified: a mutation in ompR gene (Q223H), which regulates
expression of outer membrane proteins, proteases, and chap-
erones, and a mutation in aas gene (P72S), which is an acyl-
transferase involved in membrane phospholipid turnover.
Strain reconstruction showed that the presence of these
four mutations resulted in temperature sensitivity at 37 �C,
and that the temperature sensitivity of this quadruple mutant
could be rescued by the chimeric LacI protein.

Suppression of Temperature Sensitivity by the
Chimeric Protein Is Not Mediated via General Stress
Response nor by Increased Expression of Target Genes
To identify the mechanism for suppression of the
temperature sensitivity, we performed a series of genetic
experiments. First, we selected mutants of the temperature-
sensitive strain (DA27987) that were able to grow at 37 �C.
Whole-genome sequencing of these mutants resulted in iden-
tification of mutations in the heat-shock response genes dnaK
and dnaJ (supplementary table 4, Supplementary Material
online). Given that one of these mutations results in loss-
of-function of protein DnaK, it is likely that these revertants
have increased expression of genes involved in the heat-shock
response (Liberek and Georgopoulos 1993), which could
potentially be a mechanism that allows growth of the
temperature-sensitive mutant. To test this hypothesis, we
transformed the temperature-sensitive mutant (DA27987)
with a plasmid from the ASKA collection (Kitagawa et al.
2005) encoding the rpoH gene under an IPTG-inducible pro-
moter. The rpoH gene encodes the regulator of the heat-
shock response genes in S. Typhimurium. Induction of rpoH
from this plasmid was able to rescue the temperature sensi-
tivity of the mutant, supporting our previous results that
induction of the heat-shock regulon could suppress temper-
ature sensitivity (supplementary fig. 6, Supplementary
Material online). Secondly, we also observed that overexpres-
sion of the wild-type alleles of any of the four genes that in
combination result in the temperature sensitivity corrects for
the growth defect at 37 �C (supplementary fig. 6,
Supplementary Material online). Overexpression was
obtained by using plasmids from the ASKA collection (see
Materials and Methods) containing the wild-type alleles for
these genes under an IPTG-inducible promoter. Lastly, trans-
formation of the temperature-sensitive mutant with plasmids
from the ASKA library (see Materials and Methods) followed
by selection at 37 �C showed that the rescue of the mutant
was also possible by overexpression of the gene rpoE, which is
a regulator induced under conditions of membrane-stress
(supplementary fig. 6, Supplementary Material online).

Given these results, our first hypothesis regarding the
mechanism of action of the chimeric LacI protein was that
it was inducing the general stress responses in the cell, that is,

the membrane-stress response and/or the heat-shock re-
sponse. To investigate this hypothesis, mRNA expression lev-
els of genes rpoE and degP (constituting the membrane-stress
response) and of genes rpoH, dnaK, and dnaJ (constituting
the heat-shock response) were analyzed (fig. 4). As the
temperature-sensitive mutant cannot grow at 37 �C without
the chimeric LacI protein, we only compared expression level
changes between the wild-type S. Typhimurium expressing
the chimeric LacI protein to a wild-type S. Typhimurium
strain with an empty vector (expressing the native LacI pro-
tein). These cultures were grown at 44 �C to mimic, to some
extent, the physiological state of the temperature-sensitive
mutant. We did not observe any difference in expression
levels for these genes in the presence of the chimeric LacI
protein. Our second hypothesis of how the chimeric protein
suppressed the temperature-sensitive mutant was that it in-
creased the expression of the target genes of rfaC, ompR, degP,
and aas. However, no changes in expression level were ob-
served for any of these genes (fig. 4).

Additionally, we had initially observed that at 37 �C, the
presence of NaCl (1%) in the growth media resulted in growth
of a triple mutant consisting of three out of the four target
mutations, that is, rfaC S151N degP G207D ompR Q223H with
an atypical growth curve trajectory (fig. 5A). This atypical
growth curve was also observed for the original
temperature-sensitive mutant DA27987 in the presence of
NaCl at 37 �C (supplementary fig. 7, Supplementary
Material online). We reasoned that this atypical growth curve
might be the result of the same physiological defect that
causes temperature sensitivity at 37 �C in the absence of
NaCl. This assumption was further strengthened by the ob-
servation that the defect is corrected for in the presence of
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FIG. 4. Chimeric LacI does not change expression levels of genes
involved in general stress response, or of the target genes. qPCR data
measuring expression levels for genes involved in general stress re-
sponse or of the target genes, in the wild-type strain either with native
LacI protein (black circles) or with chimeric LacI protein (gray circles). In
each case, strains were grown at 44 �C. Values for each gene are
normalized to values observed in wild-type strain expressing the native
LacI protein and are plotted on a log2 scale. Error bars represent SD.
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the chimeric LacI protein (fig. 5A and supplementary fig. 7,
Supplementary Material online). Thus, to examine any puta-
tive changes in the levels of protein that are caused due to the
chimeric LacI protein, this triple mutant (rfaC S151N degP
G207D ompR Q223H) was grown in the presence of NaCl
either with an empty vector carrying the native LacI protein
or in the presence of the chimeric LacI protein, and whole-cell
proteomics was performed. Whole-cell proteomic analysis
was also performed for the wild-type strain, in the presence
of either the native LacI protein or the chimeric LacI protein.
In neither of these cases, did we observe upregulation of the
general stress response genes or of the target genes (fig. 5B
and supplementary table 6, Supplementary Material online),
confirming our earlier results that the chimeric protein is not
alleviating temperature sensitivity by these mechanisms.

The Chimeric Protein Affects the Cell Membrane
To determine other potential mechanisms that could allow
for growth of the temperature-sensitive mutant at 37 �C, we
investigated whether the presence of divalent cations (Mg2þ

or Ca2þ) or the presence of noncationic osmolytes like su-
crose in the growth media could result in growth of the mu-
tant at nonpermissive temperatures. We observed that the
presence of salts (100 mM for Mg2þ, 10 and 100 mM for
Ca2þ, supplementary fig. 8, Supplementary Material online)
resulted in growth of the mutant at nonpermissive temper-
atures, but growth was not observed in the presence of dif-
ferent concentrations of sucrose (0.5%, 2%, and 5%). It is thus
likely that in presence of agents that stabilize the outer mem-
brane growth of the mutant is observed. To further test a
possible change in integrity of the outer membrane, we in-
vestigated susceptibility of the wild-type S. Typhimurium

strain, expressing either the native LacI protein or the chime-
ric LacI protein, to antibiotics vancomycin, rifampicin, and
tetracycline (table 1). S. Typhimurium is intrinsically resistant
to vancomycin and rifampicin due to outer membrane per-
meability barrier (Sukupolvi et al. 1984). As a result mutants
with altered outer membrane properties become susceptible
to these antibiotics. We found that the wild-type strain be-
came more susceptible to both vancomycin and rifampicin
when the chimeric LacI protein was expressed, whereas no
change in susceptibility was observed for tetracycline. This
was observed irrespective of whether the chimeric LacI pro-
tein was being expressed from the chromosome (as a single
copy) or from the plasmid. These results suggest that the
chimeric LacI protein, either directly or indirectly, affects
cell-membrane integrity and stability.

The Chimeric Protein Localizes in the Cellular Outer
Membrane and Induces Outer Membrane Vesicle
Formation
As the chimeric LacI protein affected membrane integrity, we
investigated whether it was directly interacting with the
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FIG. 5. Growth of the triple mutant (rfaC S151N degP G207D ompR Q223H) at 37 �C in the presence of NaCl. (A) Growth curve defect observed in
the triple mutant when grown in the presence of NaCl at 37 �C expressing the native LacI (black). The defect is corrected by expression of the
chimeric LacI protein (gray). Six biological replicates were used in each case. (B) Protein level changes in the wild-type and triple mutant in
the presence of native LacI protein (black circles) or chimeric LacI protein (gray circles). Cells are grown in NaCl-containing LB at 37 �C. All values
are normalized to expression levels observed in wild-type strain containing the native LacI protein and are plotted on a log2 scale. Error bars
represent SD.

Table 1. Membrane Integrity Was Analyzed by Measuring
Susceptibility of Wild-Type S. Typhimurium to Vancomycin,
Rifampicin, and Tetracycline (used as control).

Strain Antibiotic Used

Vancomycin Rifampicin Tetracycline

Wild type (no plasmid) 96 2 1
Wild-type/empty plasmid 96 2 1
Wild-type/fused protein 24 0.5 1

NOTE.—Absolute values obtained from E-tests are reported.
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membrane by determining the localization of the chimeric
protein in the cell. To this end, FLAG tags were added to both
the native LacI and the chimeric LacI, and it was confirmed
that the FLAG-tagged chimeric LacI still suppressed temper-
ature sensitivity. These localization experiments were per-
formed in the wild-type strain expressing either the tagged
native LacI protein or the tagged chimeric LacI protein.
Different fractions of cell were then isolated (cytoplasmic,
periplasm, inner membrane, and outer membrane fractions),
and Western blot was performed on these isolated fractions
using an anti-FLAG antibody. The native protein was found in
the cytoplasm, periplasm, and inner membrane, whereas chi-
meric protein was found in all fractions, including the outer
membrane (fig. 6).

How could localization of the chimeric protein to the
outer membrane suppress the temperature-sensitive pheno-
type? The mutations that conferred this phenotype are all
involved in membrane biogenesis and conceivably a defect in
biogenesis could result in accumulation of misfolded proteins
and generation of the temperature-sensitive phenotype. This
assumption was supported by the fact that we observed an
upregulation of the CpxR, CpxA, CpxP, and DegP proteins in
the triple mutant rfaC S151N degP G207D ompR Q223H
(fig. 7A). The first three of these proteins are involved in
sensing misfolded proteins in the inner membrane, periplasm,
and the outer membrane (Raivio et al. 1999, 2013), whereas
DegP acts as a protease and chaperone for misfolded outer
membrane porins. Importantly, this upregulation was abro-
gated in the presence of the chimeric LacI protein (fig. 7A),
suggesting that the chimeric LacI protein reduces the level of
misfolded proteins. A well-known mechanism for expulsion
of misfolded proteins (and other periplasmic content) from

bacteria is via outer membrane vesicles (McBroom and
Kuehn 2007). One possibility is therefore that the interaction
of the chimeric protein with the outer membrane increases
outer membrane vesicle formation, resulting in release of
toxic misfolded proteins. We tested this hypothesis by mea-
suring the amounts of outer membrane vesicles produced by
the wild-type strain expressing either the chimeric LacI pro-
tein or the native LacI protein at 44 �C. As is seen in figure 7B,
we observed a slight increase in the amount of outer mem-
brane vesicles produced by the wild-type S. Typhimurium in
the presence of the chimeric LacI protein as compared with
the native LacI protein (P¼ 0.04). Furthermore, we also show
that the temperature sensitivity of the mutant can be re-
moved by independently inducing membrane vesicle forma-
tion, which was obtained by deleting the nlpI gene
(supplementary fig. 9, Supplementary Material online).
Deletion of this gene has been shown to increase membrane
vesicle formation, without an upregulation of the rpoE reg-
ulon (McBroom and Kuehn 2007). This disconnect between
induction of outer membrane vesicles and the upregulation
of rpoE is important, as we have shown that upregulation of
rpoE, by itself, also results in rescue of the temperature-
sensitive phenotype. These results are compatible with the
hypothesis that relocalization of the chimeric protein causes
an increase in outer membrane vesiculation that, by remov-
ing the toxic misfolded proteins, ameliorates the temperature
sensitivity.

Discussion
Plasmids and phages are important sources of raw material
for the evolution of novel genes in microorganisms
(Nakamura et al. 2004; Pal et al. 2005; Homma et al. 2007;
Treangen and Rocha 2011; Wiedenbeck and Cohan 2011;
Jerlstrom Hultqvist et al. 2018). They are not only sources
of horizontal gene transfer and of genetic variation in the
host but any recombination between these elements and
host genes can result in evolutionary innovations. In this
study, we observed how phage DNA could contribute to
formation of novel genes by fusing with a bacterial gene.
Our results show that a 23-amino acid fragment when fused
with a truncated version of the host DNA-binding protein
LacI results in the ability to suppress the temperature-
sensitive phenotype of a mutant bacterium. To explain
how this occurs, we also had to define the underlying cause
of the temperature-sensitive phenotype. Our results show
that a combination of mutations in four genes (rfaC, degP,
ompR, and aas) generates the temperature sensitivity. A com-
mon denominator for these genes is that they encode pro-
teins involved in membrane function: rfaC and aas encode
enzymes involved in membrane biogenesis, ompR encodes a
protein that is a transcriptional regulator of chaperones and
outer membrane proteins, and degP encodes a protein that is
both a chaperone and a protease for outer membrane
proteins OmpC, OmpF, OmpA, and LamB. Loss-of-function
mutations in rfaC result in an unstable outer membrane at
37 �C (Coleman and Deshpande 1985). Although the
exact nature of the contribution of gene aas to the
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FIG. 6. Differential localization of chimeric LacI protein to the cell
outer membrane. Western-blot analysis of different fractions of cells
in the presence of either native protein or chimeric protein. Chimeric
protein is differentially relocalized in the outer membrane fraction.

Fusion between Phage DNA and a Bacterial Gene . doi:10.1093/molbev/msaa007 MBE

1335

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/37/5/1329/5707441 by U
ppsala U

niversitetsbibliotek user on 17 August 2020

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa007#supplementary-data


temperature-sensitive phenotype is unclear, given its role in
phospholipid turnover, it is conceivable that mutations in this
gene further affect the membrane integrity. Furthermore, in-
stability in the outer membrane has been shown to result in
accumulation of misfolded OMPs (Sen and Nikaido 1991; de
Cock and Tommassen 1996; Bogdanov and Dowhan 1999;
Bulieris et al. 2003) and this misfolding is expected to be
exacerbated due to inactivation of the DegP protein. Finally,
a mutation in gene ompR is also needed. We show that the
observed mutation in ompR by itself results in differential
regulation by the OmpR protein with a 6-fold increase in
expression levels of ompF (supplementary fig. 10,
Supplementary Material online). We also observed increased
expression levels of the CpxR, CpxA, and CpxP proteins in the
triple mutant at (rfaC S151N degP G207D ompR Q223H) 37
�C. These proteins are involved in sensing misfolded proteins
in periplasm, inner membrane, and outer membrane (Raivio
et al. 1999, 2013) indicating greater accumulation of mis-
folded proteins in the temperature-sensitive mutant.
Additionally, overexpression of wild-type allele of degP on a
plasmid suppresses temperature sensitivity in the quadruple
mutant at 37 �C. Overall, these data are highly suggestive with
the idea that the four mutations result in inhibition of growth
because of accumulation of misfolded proteins.

How can the chimeric protein remove the growth inhibi-
tion caused by accumulation of misfolded proteins? Based on
the data, we propose that the chimeric LacI protein sup-
presses the temperature sensitivity by localizing to the outer
membrane where it induces the formation of outer

membrane vesicles that in turn increases secretion of the
toxic misfolded proteins. Outer membrane vesicles are
known to be beneficial to bacterial cells due to their ability
to remove toxic products, and they have been shown to
provide benefits under various stress conditions, including
nutrient limiting conditions (Li et al. 2016; Lin et al. 2017),
presence of antibiotics (Kulkarni et al. 2015; Kim et al. 2018),
and cold-stress (Frias et al. 2010). However, it is also possible
that the observed increase in outer membrane vesicle forma-
tion in the presence of the chimeric LacI protein is only cor-
relational, and that the chimeric LacI protein is suppressing
temperature sensitivity via a different mechanism; for exam-
ple, the association of the chimeric protein with the outer
membrane might be stabilizing the outer membrane, and
hence allowing growth of the mutant at nonpermissive
temperatures.

Our results also demonstrate that despite the addition of
23-amino acid insert at the C-terminal of the truncated LacI
protein, the chimeric LacI protein was still functional as a
DNA-binding protein. Thus, even though the protein is relo-
calized and is interacting with the outer membrane, there is
sufficient amount of the protein in the cytoplasm to still allow
for it to function as a DNA-binding repressor and inducer-
responsive (IPTG) regulatory protein.

Two still unanswered questions are as follows: 1) why the
chimeric protein localizes to the outer membrane? and
2) how the chimeric protein stimulates formation of outer
membrane vesicles? With regard to the former question, al-
though an analysis of 40 amino acids at the C-terminal of the
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FIG. 7. Increased expression of CpxARP and DegP proteins in the triple mutant (rfaC S151N degP G207D ompR Q223H) and increased production
of outer membrane vesicle formation in the presence of chimeric LacI protein in the wild-type strain. (A) Protein expression levels of the CpxARP
and DegP showing increased level of misfolded proteins in the triple mutant. All values are normalized to expression levels observed in wild-type
strain containing the native LacI protein and are plotted on a log2 scale. Error bars represent SD. (B) Relative concentration of outer membrane
vesicles produced by the wild-type strain at 44 �C in the presence of either native LacI or chimeric LacI. Asterisk indicates statistical significance at
p¼ 0.05. Values are normalized to those observed for the wild-type strain containing the native LacI protein. Error bars represent SD.
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chimeric protein does not show any predicted transmem-
brane region (supplementary table 5, Supplementary
Material online, prediction done using the TMHMM tool v
.2.0), one possibility is that the 23-amino acid stretch acts as a
recognition signal allowing translocation of the chimeric pro-
tein from the inner membrane to the outer membrane. With
regard to the second question, there are different possibilities.
Outer membrane vesicles are formed by bulging and pinching
off the outer membrane, thus, any protein that affects the
fluidity and bending of the outer membrane could affect the
rate of formation of outer membrane vesicles. As the chimeric
LacI protein is associated with the outer membrane, it can
possibly affect the cross-linking of different components of
the outer membrane changing fluidity or the bending of the
outer membrane, hence effecting outer membrane vesicle
formation.

Finally, from a broader evolutionary perspective, our
results show how a new function—modulation of outer
membrane vesicle formation—can emerge from fusion of a
short piece of phage DNA with a native host gene. The chi-
meric protein can modulate a process that is present across
all domains of life and it can provide the host with an advan-
tage under several different growth conditions. The new func-
tion is not dependent on the original function (DNA binding)
of the LacI protein, and conversely, the fusion event does not
influence the native functions of LacI. Thus, the chimera has
acquired a new function while maintaining the native func-
tion, highlighting how gene fusion can generate novel func-
tions from existing genes without a necessary trade-off.

Materials and Methods

Screening of Temperature-Sensitive Mutants of
S. Typhimurium with Metagenomic DNA Libraries
The temperature-sensitive S. Typhimurium mutants used in
this study were generated by chemical mutagenesis and have
been described previously (Schmid et al. 1989). Each mutant
was further characterized based on whether it could grow at
temperatures of 37, 40, and 43 �C. The preparation of envi-
ronmental metagenomic libraries has been described in
(Jerlstrom Hultqvist et al. 2018). Briefly, different environmen-
tal samples were first enriched for bacteriophage DNA by
filtering the samples through a 0.22-mm filter, treating the
filtrate with FeCl3 (1 mg Fe/l final concentration), and collect-
ing the flocculating viral particles by filtering with polycarbon-
ate membrane filters. These samples were then concentrated
using Amicon UltraCel-30k and were then DNAase treated.
After this, these samples were used for DNA extraction. The
extracted DNA was then amplified using illustra Ready-To-Go
GenomiPhi v3 or HY DNA amplification kit (GE Healthcare)
as per the manufacturers protocol, digested with enzyme StuI,
and ligated to a high-copy number plasmid pCA24N, –gfp.
Each temperature-sensitive mutant was transformed with
five different environmental libraries by electroporation
(Supplementary Table 1a in Jerlstrom Hultqvist et al.
[2018]). The transformants were recovered in lysogeny broth
(LB) containing 100 mM of IPTG for a period of 1 h, after
which the transformants were plated on LB agar plate

containing 15 mg/ml chloramphenicol and 100 mM IPTG.
The plates were incubated at appropriate nonpermissive
temperatures for a maximum of 2 weeks.

Identification of Causal Genes Underlying the
Temperature-Sensitive Phenotype
The mutations causing temperature sensitivity were identi-
fied by performing P22 transduction assays. P22 lysate was
first generated on a wild-type S. Typhimurium strain by mix-
ing 1 ml of P22 stock (1�106 pfu/ml) with 200 ml of an over-
night grown culture of bacteria. The lysis was allowed to take
place overnight at 37 �C. The next day 200 ml of chloroform
was added to the mixture to kill surviving cells. This was
centrifuged and the supernatant was used as the lysate to
transduce the temperature-sensitive mutant. For transduc-
tion, 2 ml of the lysate was mixed with 100 ml of overnight
grown culture of the mutant, and incubated with shaking at
30 �C for 2 h. The mixture was then plated on LB agar plates
and was incubated at appropriate nonpermissive tempera-
tures, for 24 h. Transductants and the parental temperature-
sensitive mutants were both whole-genome sequenced to
identify the mutation causing temperature sensitivity.
Whole-genome sequencing was performed by generating
the libraries using the NexteraXT kit. Samples were dual-
indexed, pooled together, and run on Illumina’s Miseq using
the Miseq reagent kit v2 (2�250 cycle). Analysis of the fastq
files obtained from Miseq sequencing was performed using
CLC genomics Workbench version 8. SNP calling and struc-
tural rearrangements were both assessed using this tool.
Target genes were then identified by looking at the corrected
mutations in the transductants as compared with the original
temperature-sensitive strain. Previously described k-red
recombineering technique was employed to insert candidate
mutations (Datsenko and Wanner 2000; Warsi et al. 2018).

Identification of Different Mechanisms Underlying the
Removal of Temperature Sensitivity
To investigate the different routes for suppressing tempera-
ture sensitivity, we first selected mutants of the temperature-
sensitive strain that were able to grow at 37 �C. Selection was
performed by plating five independent 1 ml overnight grown
cultures (�109 cells) of the temperature-sensitive strain and
incubating the plates at 37 �C for 24 h. The temperature-
sensitive strain and three mutants were whole-genome se-
quenced to identify the compensatory mutations. Secondly,
we transformed the temperature-sensitive strain with the
ASKA plasmid library, which is a collection of individual
ORFs from Escherichia coli cloned onto a plasmid and placed
under an IPTG-inducible promoter (Kitagawa et al. 2005).
This allowed us to identify genes, which when overexpressed,
could suppress the temperature sensitivity.

Generating Different Constructs of the Chimeric LacI/
FruR Protein and Library Construction
To identify the features of the chimeric LacI/FruR protein that
were necessary for rescuing the temperature-sensitive strain,
different genetic constructs were generated. In each case,
suitable cloning primers were used, such that each primer
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consisted of sequences for recognition by restriction enzymes
(XbaI and KpnI) at the 50-end followed by sequence required
for amplification of the different fragments of the chimeric
lacI gene. After PCR amplification of the desired construct,
the PCR products were purified, treated with DpnI (to remove
plasmid template), digested using 2 ml of each restriction
enzyme for 1 h, repurified, and used for ligation. The vector
used in ligation was a modified version of the pCA24N –gfp
plasmid that consisted of addition of the XbaI and KpnI re-
striction sites in the original cloning site on the plasmid.
Besides the restriction digestion, the vector was also dephos-
phorylated for a period of 30 min using the Fast AP (Antartic
phosphatase) enzyme. Ligations were carried out overnight at
16 �C, after which these were purified and transformed in
E. coli cells by electroporation.

The library consisting of randomized 23-amino acid
sequences inserted at the C-terminal of a truncated LacI pro-
tein was also generated in the same manner as above, how-
ever, using specific reverse primers for PCR amplification.
These reverse primers consisted of three specific regions
that included sequences for recognition by restriction
enzymes (KpnI) at the 50-end, followed by a region consisting
of a stop codon and 69 randomized bases (N), which was
then followed by sequences required for amplification from
suitable position in lacI gene. Four independent PCR reactions
were carried out and mixed together before proceeding for
ligation. Four independent ligations were carried out, were
then mixed together, and then used for transformations in
wild-type E. coli strain. Controls were also carried out using
ligation reaction consisting of only the digested vector or
digested product that allowed the calculation of the overall
diversity of the library, which was in the range of �2�106.

In each of the above cases, the clone products were then
isolated and transformed into an S. Typhimurium strain con-
sisting of the deletion of the DNA-restriction system, but
having a functional DNA-modification system. The trans-
formants were selected overnight on chloramphenicol plates
(15mg/ml), after which these were used for isolation of the
cloned products and in subsequent transformation of the
quadruple temperature-sensitive mutant.

Measurement of Expression Level Changes Using
qPCR and Proteomics
To investigate the changes in gene expression levels qPCR
analysis was performed. For each strain, overnight cultures
were diluted 1:100 in 10 ml of salt-free LB media and were
grown at 44 �C to an optical density (OD600) value of 0.2. 1 ml
of cells were then mixed with 1 ml of RNA protect reagent,
vortexed, and kept on ice for 5 min. These were centrifuged
and the pelleted cells were then used for RNA extraction.
RNA extraction was performed using the RNeasy Mini Kit
(Qiagen) as per the manufacturer’s protocol. The extracted
RNA was then treated with DNase using the Turbo DNA-free
kit (Ambion) as per the manufacturer’s protocol, after which
the RNA was run on a 1% agarose gel for visual inspection.
About 500 ng of RNA (quantified using the Qubit RNA BR
assay kit) was used for cDNA preparation using the High
Capacity Reverse Transcription Kit (Applied Biosystems).

PerfecTa Sybr Green SuperMix (Quanta Biosciences) was
used to perform the RT-qPCRs. The transcript abundance
measured for the different genes was normalized to the geo-
metrical mean of the levels obtained for house-keeping genes
cysG and hcaT. Three biological replicates and three technical
replicates were used in each case. The averages mentioned are
based on biological replicates. Error bars represent SD. We
only considered differences of at least 2-fold to be biologically
significant.

Whole-cell proteomics was performed to identify the reg-
ulatory changes induced in the bacteria by either the chimeric
LacI protein or the native LacI protein. Overnight grown
cultures of the triple mutant consisting of three out of the
four target mutations (rfaC S151N degP G207D ompR
Q223H) and of the wild-type strain, carrying either the empty
vector or the chimeric lacI gene, were diluted 1:100 in 10 ml of
LB media (which contains 1% of NaCl) and were grown at
37 �C to an optical density (OD600) value of 0.2. The cells were
centrifuged and then washed with ice-cold Phosphate buff-
ered saline three times. The cell pellet was then stored at
�80 �C and was then analyzed by the Proteomics Core facility
at University of Gothenburg. Briefly, the samples were first
lysed and the total protein concentration in the lysates was
measured. An aliquot of each sample was reduced, alkylated,
and then digested with trypsin. The digested peptides were
then chemically labeled with a tandem mass tag reagent. The
tandem mass tag-based relative quantification was performed
largely as described previously (Jerlstrom Hultqvist et al.
2018), with the following modifications: the sample was pre-
fractionated via a basic-pH reversed-phase HPLC into eight
fractions and each fraction was analyzed using the 90-min LC-
MS method. In total, more than 24,000 of peptides were
identified at the false discovery rate of 1%, making up 2741
Salmonella LT2 protein quantified across the samples (sup-
plementary table 6, Supplementary Material online). Error
bars represent SD. We only considered differences of at least
2-fold to be biologically significant.

Membrane Integrity Analysis, Outer Membrane
Isolation, and Western-Blot Analysis
To investigate the effect of the identified mutations on mem-
brane integrity, the temperature-sensitive mutant was grown
at 37 �C in no-salt LB media either with or without divalent
cations (Mg2þ and Ca2þ), or with a noncationic osmolyte
(sucrose). The salts (MgSO4 and CaCl2) were used at final
concentrations of 10 and 100 mM, whereas sucrose was
used at concentrations of 0.5%, 2%, and 5%. Susceptibility
to large antibiotics rifampicin and vancomycin was also mea-
sured to determine if the chimeric LacI protein was affecting
membrane integrity. Susceptibility to antibiotic tetracycline
was used as a control in these assays. This was done for the
wild-type S. Typhimurium strain in the presence of either the
native LacI or the chimeric LacI.

To investigate the localization of the chimeric LacI protein,
FLAG tags (DYKDHDGDYKDHDIDYKDDDDKL) were at-
tached at the N-terminal of both the chimeric LacI and the
native LacI protein. The fused constructs were expressed from
the IPTG-inducible high-copy number pCA24N plasmid. We
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first confirmed that attaching the FLAG tag to the chimeric
LacI protein did not affect its rescuing ability of the
temperature-sensitive mutant at the nonpermissive temper-
ature. After this, different fractions of the cell were isolated
using a differential precipitation protocol. For each strain,
cultures were grown in 50 ml of no-salt LB containing
100mM IPTG and 15mg/ml chloramphenicol to an optical
density (OD600) of 0.5. Cells were harvested by centrifuging at
4149 x g for 10 min. The supernatant was discarded and the
pellet was resuspended in 1 ml of 100 mM Tris–HCl pH 8.0,
20% sucrose solution. Resuspended cells were incubated on
ice for 10 min and then centrifuged at 2400 x g for 10 min.
The pellet was resuspended in 1 ml of 100 mM Tris–HCl pH
8.0, 20% sucrose, 10 mM EDTA solution. Lysozyme was added
to a final concentration of 100mg/ml and incubated on ice for
20 min, after which MgSO4 was added to a final concentra-
tion of 20 mM. This solution was then spun down on a 100-ml
cushion of 50% sucrose solution for 10 min at 3500 x g. The
supernatant contains the periplasm and was stored sepa-
rately. The pellet was resuspended in 100 mM Tris–HCl pH
8.0, 20% sucrose, 10 mM EDTA solution. This was followed by
addition of DNaseI and RNaseA to a final concentration of
5 mg/ml each. The cells were then disrupted by five freeze-
thaw cycles using dry ice-ethanol mixture to freeze the solu-
tion and then placing it at 37 �C water bath to thaw. After
this, the lysate was incubated on ice for 2 h, followed by
centrifugation at 16,200 x g for 35 min. The supernatant
contains cytoplasm fraction of the cell and was stored sepa-
rately. The pellet was resuspended in 500 ml of 20 mM sodium
phosphate buffer, pH¼ 7. The resuspension was centrifuged
at 16,200 x g for 25 min. The pellet was resuspended in 1 ml
0.5% sarcosyl in 20 mM sodium phosphate buffer, pH¼ 7 and
was incubated at room-temperature for 30 min. This selec-
tively precipitates the outer membrane. The solution was
centrifuged at 16,200 x g for 35 min. The supernatant
contains inner membrane fraction and was stored sepa-
rately. The pellet containing the outer membrane was then
washed twice by resuspending it in 1 ml of 0.5% sarcosyl in
20 mM sodium phosphate buffer, pH¼ 7 and centrifuging
at 16,200 x g for 30 min. The pellet was then resuspended
in 1 ml of Lamelli sample buffer. 7.5 ml of sample is run on
the ready to use Mini-PROTEAN TGX gels (BioRAD: Cat
No. 456-1095). Western blot was performed by first trans-
ferring the samples from the gel to a nitrocellulose mem-
brane using a Trans-Blot Turbo Transfer Pack (BioRAD: Cat
No. 1704158). The membrane was blocked using 5% BSA
solution prepared in Tris-buffered saline containing 1%
Tween-20 (TBST) for 2 h. It was then incubated with the
antiFLAG antibody solution (prepared in 5% BSA solution
prepared in TBST) for 1 h. The antiFLAG antibody is con-
jugated to the horseradish peroxidase enzyme that allows
for chemiluminescent detection of tagged bands. After the
incubation, the membrane was washed thrice with TBST
solution for 15 min each. Bands were visualized using the
ECL western-blotting chemiluminescent reagents
(Amersham RPN 2109) that contain the substrate for
the peroxidase enzyme.

Quantitative and Qualitative Assessment of
Formation of Outer Membrane Vesicles and Rescue of
Temperature Sensitivity in the DnlpI Mutant
Outer membrane vesicles were isolated from 50 ml of over-
night grown cultures in no-salt LB at 44 �C. The cultures were
centrifuged at 3,800 x g for 2 h, after which the supernatant
was filtered twice using a 0.22-mM polyethersulfone filter.
About 20 ml of filtrate was spotted on LB agar plates to con-
firm that the supernatant was free of bacterial cells. The su-
pernatant was centrifuged at 38,000 x g for 2 h, which allows
pelleting of the outer membrane vesicles. The vesicles were
resuspended in 200 ml PBS. The concentration of the outer
membrane vesicles was obtained by nanoparticle tracking
analysis performed using Nanosight LM10. Each sample was
diluted 1:100 for the analysis. Three biological replicates were
used in each case. To determine if knocking out the nlpI gene
(which increases vesicle formation) can remove temperature
sensitivity of the temperature-sensitive mutant, a DnlpI
knock out mutant was constructed using k-red recombineer-
ing technique (Datsenko and Wanner 2000). Growth was
then compared between the temperature-sensitive mutant,
and the temperature-sensitive mutant with the nlpI gene
deleted using a BioscreenC analyzer at OD600. Three replicates
were used for each strain.

Strain Construction for Identification of the Native
Function of the Chimeric LacI Protein and
Measurement of Fitness Cost of Expressing the
Chimeric LacI Protein
To identify whether or not the chimeric LacI protein had
retained its native DNA-binding function, a S. Typhimurium
strain was used that consisted of a LacO operator sequence
present upstream of a syfp gene, which codes for the yellow
flourescent protein (YFP). The LacO sequence is the DNA-
binding sequence for the LacI protein, which when bound
to it represses the transcription of downstream genes. We
inserted the chimeric lacI gene and the native lacI gene,
both on a plasmid vector (pBAD) and on the chromosome;
in each case, under the control of the paraBAD (promoter
of araBAD operon). The insertion on the chromosome was
performed using previously described (Datsenko and
Wanner 2000; Warsi et al. 2018) k-red recombineering
technique and involved replacing the araBAD genes with
the gene of interest. In each case, induction from paraBAD
was done using an L-arabinose concentration of 0.1%.

To measure fitness costs associated with expression of the
chimeric LacI protein, strains with the native lacI gene and the
chimeric lacI gene inserted on the chromosomes were used.
Exponential growth rates were measured in Tryptone broth
containing 0.05% L-arabinose using a BioscreenC analyzer at
OD600, with measurements taken every 4 min. KaleidaGraph
software was used to calculate the maximum exponential
growth rate from the OD600 data, using the OD values be-
tween 0.02 and 0.08. For each strain, overnight cultures were
diluted 1:1,000, which was then used for measurement of
exponential growth rate. Four biological replicates were
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used in each case. Relative exponential growth rate was cal-
culated as the ratio between the exponential growth rate of
the wild-type strain expressing the chimeric LacI protein and
that of the wild-type strain expressing the native LacI protein.
Error bars represent SD.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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