
DOMAIN 7 GENETICS AND GENETIC TOOLS

Suppressor Mutants: History and
Today’s Applications
DAVID E. BAUTISTA,a JOSEPH F. CARR,a AND
ANGELAM. MITCHELLa

aDepartment of Biology, Texas A&MUniversity, College Station, Texas, USA

David E. Bautista and Joseph F. Carr contributed equally to this article. The author order was determined

alphabetically.

ABSTRACT For decades, biologist have exploited the near boundless advan-
tages that molecular and genetic tools and analysis provide for our ability to
understand biological systems. One of these genetic tools, suppressor anal-
ysis, has proven invaluable in furthering our understanding of biological
processes and pathways and in discovering unknown interactions between
genes and gene products. The power of suppressor analysis lies in its ability
to discover genetic interactions in an unbiased manner, often leading to sur-
prising discoveries. With advancements in technology, high-throughput
approaches have aided in large-scale identification of suppressors and have
helped provide insight into the core functional mechanisms through which
suppressors act. In this review, we examine some of the fundamental dis-
coveries that have been made possible through analysis of suppressor
mutations. In addition, we cover the different types of suppressor mutants
that can be isolated and the biological insights afforded by each type.
Moreover, we provide considerations for the design of experiments to iso-
late suppressor mutants and for strategies to identify intergenic suppressor
mutations. Finally, we provide guidance and example protocols for the isola-
tion and mapping of suppressor mutants.

KEYWORDS bacterial genetics, genetic mapping, screening, selection, suppressor
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Genetic alteration and manipulation are helpful tools for deepening our
understanding of biological concepts. Within this genetic approach lies a
class of mutations known as suppressor mutations. These mutations have
been observed in both eukaryotic and prokaryotic systems. Suppressor muta-
tions are secondary mutations that alter the phenotypes caused by an existing
mutation. This is not to be confused with reversion mutations in which the
original mutation has been lost (1). Instead, suppressor mutations return the
phenotype caused by the original mutation to a more wild-type phenotype
despite the presence of the original mutation (2). The suppressor mutation’s
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effect on the phenotype can vary from partial restoration
to full restoration of the wild-type phenotype.

The two largest categories of suppressors, which specify
where the secondary mutation occurs, are “intragenic” or
“intergenic” suppressors (3). Intragenic suppression occurs
when the original mutation and the suppressor mutation
occur within the same gene (1, 3). Suppressor analysis
using intragenic suppressors can identify regions, specific
amino acids or interactions necessary for functional activ-
ity, stability, and more (3). If the goal, however, is to inves-
tigate the relationship between genes, then intergenic
suppressors are ideal. Intergenic or extragenic suppression
occurs when the original mutation and the suppressor
mutation are located in different genes. These suppressors
can help identify interacting genes and the specific interac-
tions between the genes. In this way, the phenotypes of the
original mutation allow for the identification of new inter-
acting genes through suppressor selection, often demon-
strating a functional relationship between genes that might
not have been discovered by other means (1, 2, 4–10).

Investigating suppressors can shed light on scientific
problems researchers once believed to be nearly impos-
sible to research. With the advancement of genetic tools
such as whole genome sequencing (WGS) and the avail-
ability of mapping and classical genetic tools, the use-
fulness of these mutants only grows. Much of our
understanding of transcription, transcriptional regula-
tion, and translation can be ascribed to analysis of sup-
pressor mutations. Suppressors have also helped us
learn about processes beyond gene expression. For
example, they were critical for studying protein secre-
tion. Thus, suppressor mutations play a critical role in
genetics and biological research. In this review, we
cover some of the advances made possible by suppres-
sor analysis, types of suppressors, screens and selections
for suppressor isolation, approaches and example pro-
tocols for mapping and whole genome sequencing, and
examples of suppressor use in modern science.

HISTORICAL EXAMPLES OF DISCOVERIES
MADEWITH SUPPRESSORS
Suppressor mutations have been established in the scien-
tific literature for close to a century. The earliest reports
of genetic suppression trace back to what, at the time,
was interpreted as gene duplications in Drosophila (6).
Although they were misinterpreted at first, the

reoccurrence of suppressors in the field solidified their im-
portance in genetic research. As research continued, some
suppressor mutations showed interactions between nonal-
lelic genes (4) and, by the 1950s, microorganism genetics
and biochemical analysis allowed the mechanisms underly-
ing nonallelic suppressor activity to be unraveled (8).
Although early suppressors were found in a eukaryotic sys-
tem, we will focus mainly on the impact suppressors have
had on our understanding of prokaryotic systems.

Nonsense suppressors. Nonsense suppressors are a type
of intergenic suppressor that has played an important role in
our understanding of translation and translational termina-
tion. Two major classes of nonsense suppressors are amber
and ochre suppressors. Amber and Ochre suppressors are dif-
ferentiated by which termination codons they suppress. The
discoveries began with the observation that T4 bacterio-
phages with amber mutations in essential genes can infect
particular strains of Escherichia coli: these strains carry amber
suppressors (5). For instance, a mutation to a tRNA that
allows it to read the amber stop codon and insert an amino
acid will bypass the stop codon and allow translation to read
through the codon producing full-length protein (Fig. 1).
Thus, these suppressor strains carry their own mutation,
which allows for restoration of the original function of the
phage genes (7). These amber mutants were instrumental in
the discovery of stop codons (11, 12). Amber suppressors
were also used to show that genes are colinear with their
polypeptide chain (i.e., the sequence of a gene determines
the sequence of the protein it produces) (13). Moreover,
using amber suppressors provided the phage field with
genetic tools and insights that led to phage biology discov-
eries, such as the mapping of the T4 genome (9, 10).

At around the same time, researchers performed experi-
ments with the lac operon in E. coli (see below) to find
suppressors of LacOo mutants (14). These mutants had
mutations that removed the activity of lacZ and lacY and
were thought to be in the operator site where LacI binds
to repress transcription. Selection of lacOo suppressors
for growth on lactose generated mutants that each
expressed various levels of b-galactosidase (15, 16). The
secondary mutations were originally thought to be in the
operator or promoter leading to changes in the level of
expression of the operon. However, it was quickly dis-
covered that intergenic suppressor mutations were re-
sponsible for the restoration of lac operon function (17,
18). These suppressor mutations were found at different
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loci around the Escherichia coli chromosome. At the
time, the concept of trans-effects restoring gene tran-
scription was new to the field and, thus, the function of
the suppressors continued to be investigated.

The researchers hypothesized that the lacOo mutants
were a novel class of protein chain-terminating muta-
tions (15). This led to the discovery that lacOo suppres-
sors restored translation and were what are now known
as ochre suppressors, which cause read through of the
stop codon UAA (18). The discovery of lacOo mutations
as chain terminating mutations called into question
their classification as operator mutations. In fact, these
ochre mutations were located early in lacZ and caused
strong polar effects on the downstream lacY gene (19).
In addition to the lac operon, ochre mutants were also
studied in phage. Phage containing ochre mutants and
their suppressors have very similar properties to amber
suppressors: phages with ochre mutations can recover
viability in strains of bacteria that have a ochre suppres-
sor (20). The ochre suppressors discovered in this man-
ner have been used to learn about the properties of

tRNA and played a pivotal role in the characterization
of lysV, which codes for a lysine tRNA (21).

Nonsense suppressors have also been demonstrated to
function in eukaryotes. For instance, the anti-codon in a
human serine tRNA has been mutated using site-
directed mutagenesis to recognize either amber or ochre
stop codons (22). These mutated tRNA genes were used
with a Simian Virus 40 recombinant vector to show that
tRNA genes produce tRNAs that suppress amber and
ochre codons, respectively. Although not the first of its
kind, this was one of the first successful studies to pave
the way for the use of nonsense suppressor mutations in
a eukaryotic context. The availability of nonsense sup-
pressors has led to the development of several important
technologies for molecular biology, such as methods to
incorporate unnatural amino acids into proteins for fluo-
rescence and cross-linking purposes (23–29).

Suppressors and transcription. Suppressor mutations
have been imperative to understanding fundamental

FIG 1 Mechanism of amber suppression. A primary mutation occurs changing the original codon sequence from UGG (Trp) to UAG
(Stop). This is an amber mutation in the middle of the protein coding sequence. A secondary mutation occurs in the gene for a glutamine
tRNA leading to the anticodon switch from a GUC to AUC. This mutant tRNA can recognize the UAG amber stop codon and insert a
glutamine in place of the stop, allowing translation to continue past the stop and suppressing the amber mutation.

Suppressor Isolation and Analysis
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concepts of gene expression—specifically through investiga-
tion of the lac operon. The lac system is commonly used in
gene expression research and much of our insight of the lac
operon has come with analysis of suppressor mutants,
more specifically, lacO suppressors. The work of Dr. Jon
Beckwith on the lac operon has been vital to our current
knowledge of gene expression regulation and of translation
termination. Determining a gene’s level of expression, spe-
cifically expression of constitutively expressed genes, was
central to understanding transcriptional regulation and the
role of promoters and operators.

The idea that gene expression could be regulated, specifi-
cally by repressors and inducers, stems from the work of
Pardee, Jacob, and Monod studying the synthesis of b-ga-
lactosidase in E. coli (14). This work and further work
related to the fundamentals of molecular biology led to
the Nobel Prize in Physiology or Medicine being awarded
to François Jacob, Jacques Monod, and André Lwoff in
1965. Pardee, Jacob, and Monod postulated the idea of an
operator, which would be located at the start of an operon,
and would serve as the site where the repressor blocks ini-
tiation of transcription (30). Investigation of two classes of
mutations lead to the idea of an operator. The first class
was operator-constitutive mutations (LacOc), which are
resistant to repression. The second class was LacOo

mutants that mapped early in the operon and removed
the activity of lacZ and lacY (30). These studies originated
the concept of a promoter where RNA polymerase would
bind and start transcription, which was essential to the
further study of gene expression.

As mentioned above, characterization of LacOo suppres-
sor mutants determined the mutant’s phenotypes were
caused by nonsense mutations early in lacZ (19).
However, interest in using suppressor mutations of lacOo

mutations to characterize the gene expression of lac op-
eron continued. Restoration lacY expression could be
selected for using growth on melibiose as a carbon
source, since this a-galactoside requires the LacY perme-
ase but not b-galactosidase for its metabolism (17).
Thus, suppressors could be found that would abolish the
polarity of lacOo mutations but not restore b-galactosi-
dase. Within these suppressors, a set of mutations that
mapped in another locus distant from the lac region, was
found (17). In fact, the suppressor mutations were found
in rho, which encodes the factor responsible for Rho-de-
pendent transcriptional termination (31).

Rho-dependent polarity is caused by premature transla-
tional termination leading to early transcriptional termi-
nation (32). It has been traditionally thought that Rho
binding to RNA is blocked by ribosomes. When ribo-
somes confront a stop codon, they fall off the RNA,
allowing Rho to bind rut (Rho utilization) sites in uncov-
ered RNA. Rho will then move down the RNA faster
than RNA polymerase, eventually allowing interaction
with RNA polymerase. This interaction causes transcrip-
tional termination and prevents downstream genes from
being expressed. However, it has now been demonstrated
using cryo-electron microscopy that the process of Rho-
dependent termination begins with direct binding of
Rho to NusA, NusG, and RNA polymerase, before con-
tacting the nascent RNA and well before termination
(33, 34). Termination begins when Rho contacts an
emerging rut site in the RNA. Ribosomes may affect the
conformations and interactions of the components of
this transcriptional complex, allowing termination to
only occur in untranslated regions of the RNA. Rho was
shown to be the gene product of suA, the gene mutated
in the lacOo suppressors, and rho-dependent termination
was lowered in suppressor strains. In this way, suppres-
sor mutants were important to the understanding of
Rho-dependent polarity (31).

Eventually, the work done with lacOo mutations led to
the acquisition of transcription-down mutations of the
lac operon (35), and these mutations were later found to
be positioned in the binding site for the transcriptional
activator of cAMP binding protein, CRP (36, 37). This
allowed the authors to propose the current model for
CRP-cAMP function of binding to promoters and stimu-
lating transcriptional initiation. Through this work and
many more studies, investigation of suppressors of lac
operon mutants led to the discovery of many fundamen-
tal aspects of transcriptional and translational.

Suppressors in protein secretion. Suppressor muta-
tions have also enhanced our knowledge of the function
and characteristics of protein secretion. Fusing the N-ter-
minus of a secreted protein to the enzyme b-galactosi-
dase allowed the mechanism of protein secretion across
the cytoplasmic membrane to be explored. The goal was
to determine the portion of the exported protein needed
to promote secretion of b-galactosidase in order to char-
acterize the signal necessary for secretion (now known as
the signal sequence or signal peptide). The proteins LamB
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and maltose-binding protein (MBP, MalE) were subjected
to this strategy (38, 39). These fusion proteins resulted in
a Lac- phenotype in the absence of the inducer (maltose),
which activates transcription of the gene fusion. This is
due to the secretion of the fusion construct resulting in
LacZ’s improper folding and localization. The cells were
sensitive to the inducer (i.e., maltose treatment was lethal)
as higher expression allowed LacZ to fold in the cyto-
plasm clogging the secretion machinery (38–41). In order
to find mutants that expressed the fusion protein but did
not secrete it efficiently, maltose resistant mutants were
isolated on maltose minimal medium which contained X-
gal (allowing observation of Lac1 phenotypes) (42–45).
Thus, the maltose resistance suggested the protein was
not secreted, while the Lac1 phenotype ensured the pro-
tein was still expressed. This approach led to the charac-
terization of the signal sequence which is necessary for
Sec-dependent protein secretion.

The lacZ-fusion mutants were then used to discover the
machinery necessary for protein secretion using two
approaches. First, a screen for Lac1 suppressors of the
LacZ-fusion proteins generated extragenic suppressor
mutations (sec [secretion] mutants) with a partial loss of
function in components of the secretion machinery.
Second, strains with lamB or malE signal sequence muta-
tions were selected for suppressors that restored the pro-
tein’s secretion (prl [protein localization] mutants). The
restoration of secretion was selected for through fermen-
tation of maltodextrin for lamB fusions and through
growth on maltose formalE fusions. Together, these strat-
egies led to the discovery of the secA, secB, secD, secE,
secF, secG, and secY genes, which constitute the Sec trans-
locon, the major pathway for bacterial protein secretion
(46–53). Suppressor analysis also allowed for structure-
function investigation of the Sec translocon. The SecYEG
complex translocates unfolded proteins through the inner
membrane to the periplasm or inserts them into the inner
membrane. The SecB protein recognizes post-translation-
ally secreted polypeptides and interactions with SecA to
bring them to the SecYEG complex (54). SecD and SecF
are accessory proteins. Thus, suppressors played a key
role in the discovery of the mechanisms of protein secre-
tion (see reference [54] for a thorough review).

TYPES OF SUPPRESSORMUTATIONS
As described above, suppressor mutations have been
used to make many fundamental discoveries. Their

analysis has led to identification of new genes, proteins,
interactions, and pathways. With knowledge of the pos-
sible types and mechanisms of suppression, interpreta-
tion of the relationship between two gene products is
made possible, allowing the researcher to establish
unknown genetic relationships and provide insight into
a wide variety of interaction mechanisms. Here, we will
detail the underlying differences in the mechanisms
through which intragenic and intergenic suppressors
function, the classes of suppressors contained within
these larger groups, and the specific insights that can be
gained from each type of suppressor.

Reversion. A molecular definition of suppressor muta-
tions classifies revertants as secondary mutations that
occur in the codon of the original mutation and intra-
genic suppressor as mutations that occur elsewhere in
the originally mutated gene (55). Thus, a revertant, or
reverse mutation, is a mutation that restores the pheno-
type of the original mutant to wild-type or wild-type
like expression by altering the amino acid produced at
the site of the original mutation (1, 3, 55–58). There are
three types of revertants: true, partial, and pseudo-
revertants. A true revertant is a same site mutant that
restores the original DNA or protein sequence (55).
Both partial and pseudo revertants occur when a muta-
tion changes the amino acid coded for at the site of the
original mutation to a different amino acid than the
wild-type or parent mutant. Partial and pseudo rever-
tants restore the wild-type phenotype partially and fully,
respectively (56, 57).

A common way that revertants can be isolated is by
using a missense mutation which causes loss of function
by altering protein folding, degradation, or activity and
selecting for restoration of wild-type function (57). A
classic example of a missense mutation used for genetic
screening was performed by Yanofsky et al. who eluci-
dated codons coding for various amino acids (59).
Using single nucleotide substitutions to change from
wild type to mutant and mutant to revertant pheno-
types, the authors discovered the RNA codons associ-
ated with several amino acids at specific loci in
tryptophan synthetase protein A (TrpA) in E. coli (59).
They characterized 12 missense mutations that con-
tained different amino acids at residue 210 of TrpA (59,
60). After analyzing the various true and partial rever-
tants, the authors used these mutants to determine the
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nucleotide sequences that specify a given amino acid
(59).

When analyzing suspected revertants, it is necessary to be
wary of classifying pseudo-revertants as true revertants. In
a study by Sherman et al. the authors isolated the first
reported example of pseudo-revertants. Phenotypically
wild type, these revertants contained a same site mutation
that led to an amino acid compatible with wild-type func-
tion, but different from the original amino acid (61). This
study and others (62–65) contributed to our modern day
understanding of the genetic code and inspired caution in
classification of genetic changes (61, 65).

Experimental usefulness varies between the types of
revertants. There are very specific circumstances when
true revertants are useful such as the study of mutation
rates. However, pseudo- or partial revertants can pro-
vide information about what amino acids at the site of
the original mutation can restore function to the pro-
tein. When the goal is to isolate pseudo-revertants, par-
tial revertants, or intragenic suppressors without the
isolation of true revertants, it is helpful to design the
original missense mutant so that multiple nucleotides
changes are needed to restore the amino acid sequence
to wild type. This reduces the chances of isolating true
revertants as a spontaneous reversion of two or three
nucleotides is less likely than one.

Intragenic suppression. An intragenic suppressor
mutation occurs when an original mutation is either
fully or partially compensated for by a second mutation
at a different location in the same gene (1, 3, 66). The
mechanism through which this second mutation acts
can vary depending on the original mutation type and
its phenotype. Some possible mechanisms include res-
toration of reading frame, correcting folding to reduce
degradation rates, changing protein conformation to
allow catalytic activity, and restoration of interactions
with other proteins (56).

The elucidation of the triplet reading frame for transla-
tion involved intragenic suppressors that restored func-
tion to frameshift mutations by either inserting or
deleting nucleotide(s) to restore the original reading
frame (60, 67–72). Crick et al. utilized an original inser-
tion mutation that caused a 11 frameshift at the 59 end
of the T2 phage rIIB gene (67). They then isolated

intragenic suppressors that restored partial or full func-
tion through a nearby –1 frameshift mutation that
restored the proper reading frame (67). Through fur-
ther experiments using combinations of their mutants
and suppressors, this classic experimental design
allowed the authors to determine that DNA is read in a
triplet reading frame (or at least in a reading frame that
was a multiple of three) (67). Intragenic suppression of
frameshift mutations was also employed by Douglas et
al. (73). The authors characterize a frameshift mutation
of 11 nucleotide located in rpoB (the beta-subunit of
RNA polymerase) of E. coli. They report that E.coli with
this mutation are viable and rifampicin resistant due to
a spontaneous intragenic suppressor downstream that
deletes one nucleotide in a string of repeated nucleo-
tides. The change in amino acid sequence between these
two mutations is sufficient to cause rifampicin resist-
ance while still maintaining viability (73).

On the other hand, if a parental mutation causes incor-
rect folding of the original protein or instability, a sup-
pressor mutation could restore proper folding by
making a compensatory change in another part of the
protein that restores interaction between two regions or
domains. This type of suppressor is useful for determin-
ing which regions of a protein interact and the determi-
nants of their interaction. Thus, this type of suppressor
study, facilitated by site directed mutagenesis, can be
used to confirm interaction predictions made by struc-
tural studies (74). An early example of analysis of sec-
ondary site suppressors was performed by Helinsky and
Yanofsky (75, 76). The authors selected a glycine to glu-
tamic acid mutant of trpA in E. coli for growth without
tryptophan and found a suppressor that changed a tyro-
sine to a cysteine in a separate region of trpA. This sec-
ond-site intragenic suppressor thus was able to partially
restore function of TrpA likely by partially restoring
TrpA’s conformation and enzymatic activity (75, 76).

If, rather than causing misfolding, a mutation causes a
protein to be locked into a given conformation (active
or inactive) and prevents full functional cycling from
occurring, intragenic suppressors can be isolated that
restore cycling between the conformations or lock the
protein into another conformation. For instance, Park
et al. performed a study of mutants in the Min system: a
biological oscillator consisting of the MinC, MinD, and
MinE proteins which controls the site of cell division.
In this study, the authors analyzed the intragenic
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suppressor of a mutant minE in order to study its role
within the Min system. Analysis of their intragenic sup-
pressor in minE showed the mutant had difficulty
releasing the interaction between two protein domains
in one conformation to adopt a different membrane
interacting conformation. The results uncovered a
dynamic interaction between the domains that allows
MinE to balance sensing of MinD localization with
cytoplasmic diffusion to facilitate oscillation (77). Thus,
this type of suppressor can provide insight into the con-
formational states of a protein. Similar to interaction
between domains, if a mutation disrupts interactions
between two proteins, an intragenic suppressor can
restore the binding surface of the mutated protein,
restoring the interaction between the proteins.

The last form intragenic suppressor is mutations to pro-
moters that can be thought of as similar to informa-
tional suppressors (see below). This form of suppressor
mutation arises when the promoter of a mutated gene is
altered in a way that increases expression of the gene
and restores wild-type phenotype due to increased
accumulation of the partially active protein (78).

Intragenic suppressors can be easily identified and distin-
guished from intergenic suppressors through sequence
analysis of the originally mutated gene, while intergenic
suppressors often require genetic mapping or whole ge-
nome sequence to locate. Intragenic suppressors can lead
to insights into the structure-function relationship of a
given protein. However, they do not allow for analysis of
relationships between proteins. For this, intergenic sup-
pressors are necessary.

Intergenic suppression. (i) Informational suppres-
sors. Informational suppressors are suppressors that al-
ter the expression of genes, most commonly at the
translational level (56). These suppressors are generally
ribosomal or tRNA mutations that suppress either point
mutations in the 59 UTR, nonsense mutations, or fra-
meshift mutations (79). The original mutated gene and
mRNA remain; however, the mutation is sometimes
“misread” in the suppressed strain causing a functional
protein to be formed (3, 55, 80). Informational suppres-
sors will suppress any mutant that has the same effect
on translation as the original mutant: They are allele
specific, gene nonspecific suppressors (3, 56, 79). The
amber and ochre suppressors discussed above are classic

examples of informational suppressors (see “Nonsense
Suppressors”).

In addition to classical informational suppressors affecting
translation, non-classical informational suppressors have
been described that increase a transcript's abundance by
altering transcription machinery or affecting RNA degra-
dation (81). An example of a non-classical informational
suppressor was elucidated by Modolell et al. (82). This
study used a suppressor mutant of the hairy-wing allele
(su(Hw)) of Drosophila melanogaster that could suppress
an unknown class of spontaneous mutants found at 11
loci throughout the genome. The authors discovered that
mutations suppressible by su(Hw) are due to insertion of
a mobile element, named gypsy (82). It was later discov-
ered that the gypsy mobile element contained a transcrip-
tional insulator that required su(Hw) in order to function
and so loss of function mutants of su(Hw) restored tran-
scription of the effected gene (83, 84).

In summary, informational suppressors afford the best
insights when the aim is to study the processes of gene
expression rather than the function of a particular gene.
Therefore, when the goal is to elucidate the function of
a gene, suppression of a frameshift or nonsense muta-
tion should be avoided, as large numbers of information
suppressors will be isolated. However, if the goal is to
enrich for informational suppressors, selecting for sup-
pressors of nonsense or frameshift mutations is an
effective strategy (45, 85).

(ii) Functional suppression. The role of functional sup-
pressors is to either replace or restore the function of a
mutated gene (56). Functional suppressors result in
genetic changes that alter the post-translational modifica-
tion, activation state, localization, and/or degradation of
the protein, or that change its interaction with activators,
inhibitors, regulatory factors, or other pathway members.
In addition, a mutation to a second gene can allow it to
replace the function of the original gene product through
changes in either the specificity or abundance of the sec-
ond product. If the mutant gene is part of a regulatory
pathway, suppression may occur by activation of a
downstream gene in the pathway. Below, we expand on
the mechanisms and classifications of functional
suppressors.

Suppressor Isolation and Analysis
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(iii) Bypass suppression. A bypass suppressor is a type
of functional suppressor that works by “bypassing” the
original mutated gene, using an alternative pathway or
means to provide the function of that gene (56, 81,
86–89). The major characteristic that distinguishes bypass
suppressors from other functional suppressors is that they
are not dependent on the original allele and suppress both
missense mutations and null mutations. Bypass suppres-
sors typically arise from one of two distinct mechanisms.

First, a protein in an alternative biochemical pathway
can be altered to broaden its range of function compen-
sating for the original mutation (Fig. 2, Bypass 1). For
instance, if two proteins (P1 and P2) carry out related
but functionally separate processes, a mutation that
occurs in the gene for P1 would stop all further reactions
in the first pathway. However, a mutation in gene two
producing P2 could allow P2 to gain a new function that
substitutes for P1, bypassing the original mutation in P1.

The second mechanism of bypass suppression is when
expression of a gene is increased, allowing the increased
abundance of the protein to facilitate a new function
(Fig. 2, Bypass 2) (56). For example, in the case above, the
expression of another gene is increased to a point that its
product, P3, substitutes for the function of P1. Here, P3

carries out functions similar to wild-type P1 but at rates
inadequate to support wild-type physiology. This is usually
due to a preference for the protein’s canonical substrate
(56). However, increased abundance of P3 allows it to com-
pensate for P1 function by creating a pool of free enzyme
(also see “Overproduction/Multicopy Suppressors”).

One pioneering example of the usefulness of bypass sup-
pressors is the work performed by Spencer Benson and
colleagues investigating bypass suppressors of lamB null
mutants in E. coli. To begin these studies, Benson and
Decloux took advantage of the necessity of LamB for
uptake of maltodextrins to design a genetic selection for
suppressors of lamB null mutations (90). The authors
found mutations in two major porin genes, ompF and
ompC, that created larger pore openings. These mutants
greatly decreased the cell’s antibiotic resistance, demon-
strating the fundamental role the outer membrane plays
in antibiotic resistance (90). Continuing this work led to
the identification of more mutations in ompF and ompC
that suppressed lamB null alleles allowing structural
characterization of OmpF and OmpC (91, 92).

Beyond mutants in ompC and ompF, Sampson, Misra,
and Benson isolated two suppressor mutants which
they termed imp-4213 and imp-208 that did not map to

FIG 2 Example mechanisms of bypass suppression. In wild-type cells, expression leads to the normal production of P1 and P2. The primary
mutation leads to loss of P1 expression or function. In the first situation (illustrated as Bypass 1), suppression occurs from a secondary gain-
of-function mutation in the gene for P2 that allows P2 to substitute for P1. In the second situation (illustrated as Bypass 2), suppression
occurs from increasing expression of another protein, P3, in order to allow it to take over the functions of P1. (Republished from reference
168 with permission of the publisher.)
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ompC or ompF and resulted in increased membrane
permeability (93). Eventually, this work led to the iden-
tification of imp as lptD, the gene for the outer mem-
brane protein component of Lpt system that transports
lipopolysaccharide to the cell surface (94), and to the
characterization of the remainder of the Lpt system
(95–97). Furthermore, characterization of suppressors
of imp-4213 membrane permeability led to the identifi-
cation of an outer membrane lipoprotein (YfgL/BamB),
which was found to be part of the multi-protein BAM
complex responsible for inserting proteins into the OM
(98, 99). Not only was imp-4213 fundamental to the dis-
covery of the Bam complex, it has also been an invalu-
able tool for the investigation of the mechanism of
action of BamA, the essential outer membrane protein
component of the Bam complex (100, 101).

(iv) Allele specific suppression. Allele specific suppres-
sors are intergenic suppressors that suppress only a par-
ticular allele or select group of non-null alleles of a
gene. Thus, this form of suppressor is characterized by
the ability to suppress a subset of missense mutations of
a particular gene and an inability to suppress gene dele-
tions or null alleles. Allele-specific suppression generally
indicates direct interaction or physical contact between
the two gene products (56). This interaction could indi-
cate an enzyme-substrate interaction, interaction
between catalytic and regulatory proteins, or interaction
between proteins in a heteromultimer (56).

As illustrated in Fig. 3, the primary mutations tend to al-
ter binding strength and interaction between the two
proteins by either weakening or strengthening it. In the
indicated case, a primary mutation in the gene for P1
decreases the binding affinity of P1 for P2. A suppressor
mutation in the gene for P2 then changes the P2 binding
surface and restores binding between P1 and P2.

Restoration of function will only occur if the suppressor
mutation causes alteration of the surface region of P2
that makes direct contact with P1. It can also be expected
that the suppressor mutation can only suppress muta-
tions in gene 1 that causes similar alterations to the
region involved in P1–P2 interaction.

As an example, investigation of allele-specific suppressors
was performed by Ricci et al. (102). The authors were inves-
tigating the BamABCDE complex responsible for inserting
b-barrel proteins into the outer membrane of E. coli and
isolated a temperature-sensitive mutation of bamA that dis-
rupted BamAB and BamCDE subcomplex interaction
(102). They isolated an allele-specific suppressor mutant in
bamD that restored Bam function but did not restore Bam
complex stability. Instead, the suppressor bypassed the
requirement for stable complex formation (102). Later work
by McCabe et al. characterized several bamA mutants’ abil-
ity to suppress the mutation in bamD and found some
mutations that suppressed the lethal phenotypes of the
bamD mutant and some that restored complex formation
but little correlation between the two (103). Together, these
works demonstrated that both BamA and BamD need to be
activated in order for the Bam complex to function and that
this activation is more important than complex stability.

Allele-specific suppression has been used to investigate
DNA- or RNA-protein interactions as well as protein-
protein interactions (88, 104). As noted in the example
above, it is possible that suppression can result from
changing a gene product’s conformational state rather
than a direct restoration of binding. Thus, the charac-
teristics of the suppressors need to be further investi-
gated to verify their specific function.

(v) Epistatic suppression. Epistatic suppression occurs
when genes are part of a regulatory pathway or a

FIG 3 Example mechanism of allele specific suppression. P1 and P2 represent products produced from two separate genes. In the wild-type
condition, P1 and P2 physically interact. A mutation in the gene for P1 causes a change to the binding interface preventing interaction
between P1 and P2. A suppressor mutation in the gene for P2 alters the binding interface of P2 and restores interaction between the mutant
proteins.
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metabolic pathway with toxic intermediates. Often, a reg-
ulatory pathway is controlled by a signal that activates
the pathway producing a downstream response. This
allows mutations that decrease or increase signaling at
one step within the pathway to be epistatically sup-
pressed by secondary mutations acting on a subsequent
step. Generally, these secondary mutations result in con-
stitutive activation of the pathway. However, this
depends on whether the regulatory system is positively
or negatively regulated (81, 87, 105, 106).

In the regulatory model shown in Fig. 4, a signal can activate
the expression of P1, which in turns activates P2. P2 acts as
an inhibitor of P3, while P3 is an inhibitor of gene 4 expres-
sion. A loss-of-function mutation in gene 1 or gene 2 would
lead to repression of gene 4. A loss-of-function mutation in
gene 3 would lead to constitutive expression of gene 4.
Thus, a loss-of-function mutation in gene 3 will suppress a
mutation in gene 1 or gene 2 and restore expression of gene
4. However, in the above example, suppression does not
result in the normal regulation of gene 4 expression, but
rather in unregulated expression. This form of suppression
can occur with both null and non-null alleles of either the
original or the suppressor gene: any loss-of- function mu-
tant of gene 3 will suppress either a deletion or a missense
mutation in gene 1 or 2. Suppression can also happen if the
repressor-binding site found upstream of gene 4 is mutated.

Epistatic suppressors in a regulatory pathway were isolated
by Seo et al. (89). The authors were investigating the

molecular mechanisms of fluG-dependent asexual devel-
opment program in Aspergillus nidulans. The authors start
by performing an unbiased selection for spontaneous sup-
pressors that overcome DfluG sporulation defects. They
isolated 14 suppressors in four genes they named sfgA,
sfgB, sfgC, and sfgD (89). These suppressors resulted in
hyperactive asexual spore formation and acted as epistatic
suppressors. For instance, SfgA is a negative regulator of
asexual sporulation that is inhibited by FluG (89). Loss of
sfgA allows the asexual developmental program to proceed
in the absence of fluG (89, 107). Thus, the suppressors
altered the activation of the pathway overcoming the
defects caused by the original mutation.

Epistatic suppressors also occur in non-regulatory pathways
when a mutation in the pathway causes the accumulation
of a toxic intermediate. A mutation earlier in the pathway
can suppress this accumulation by preventing the interme-
diate from being made. A classic example is the isolation of
epistatic suppressor mutants that prevented arabinose sen-
sitivity caused by disruption of the araD gene, which codes
for L-ribulose 5-phosphate 4-epimerase (108). The suppres-
sors relieved the arabinose sensitivity by preventing the
accumulation of L-ribulose-5-phosphate through mutation
of araB, which is responsible for the previous step in arabi-
nose catabolism. These results demonstrated that accumu-
lation of L-ribulose-5-phosphate is responsible for the
arabinose sensitivity in araDmutants (108).

(vi) Overproduction/multicopy suppression. With
many plasmids available for common bacterial model
organisms, the expression of genes can be increased both
by expression in trans and by promoter alteration in cis
(56). Overproduction or multicopy suppression is char-
acterized by the use of multicopy plasmids to overexpress
a gene. Genes can be expressed under different inducible
or repressible promoters on either high, medium, or low
copy number plasmids allowing for a wide range of
expression. A large advantage of plasmid-based multi-
copy suppressor approaches is that the suppressing insert
can be easily sequenced without the need for mapping or
whole genome sequencing (56).

One approach to find multicopy suppressors is to par-
tially digest genomic DNA with a restriction enzyme and
clone the fragments in a certain size range to make a
library. For, instance, Ueguchi et al. used this approach

FIG 4 Example pathway in which epistatic suppression could occur.
As a result of an outside stimulus or signal, gene products, P1, P2,
and P3, are produced from Gene 1, Gene 2, and Gene 3, respectively.
P1 leads to the expression of gene 2 to make its product P2. P2
inhibits the expression of gene 3 and preventing the expression of P3.
P3 in turn prevents the expression of gene 4, the output of the
pathway. Mutations that occur earlier in this pathway can be
suppressed by mutations occurring latter in the pathway that mask
the effect of the original mutation. (Republished from reference 168
with permission of the publisher.)
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to identify genes that bypassed defective secretion
mutants within the Sec translocon (109). The authors
isolated several multicopy suppressors, namely, chaper-
ones and proteases, demonstrating that maintaining
secreted proteins in an unfolded state was sufficient to
overcome the defects (109). Another approach for multi-
copy suppression is to take advantage of preexisting col-
lections of overexpression plasmids. For instance, the
ASKA collection comprises a near complete sets of E.
coli K-12 open reading frames (ORFs) in the pCA24N
plasmid (110). In this high copy number plasmid, the
cloned ORFs are expressed under the IPTG-inducible
T5-lac promoter (110).

By utilizing multicopy suppression, it is possible to isolate
all of the aforementioned functional suppressor types.
Multicopy expression of a gene can cause bypass suppres-
sion through mechanisms similar to other bypass through
overexpression mutants except that the overexpression is
from a plasmid (i.e., the excess protein takes on a new role
due to lack of its canonical substrates, binding partners,
etc.). LpxL (HtrB) is a responsible for adding laurate to
lipid A, the lipid component of lipopolysaccharide, as its
second to last acyl chain and mutants of lpxL are tempera-
ture sensitive (111, 112). Clementz et al. investigated mul-
ticopy suppressors of temperature sensitivity in lpxL
deletion strains (113). They found thatmsbB (lpxM) could
act as a multicopy suppressor of DlpxL. Through analyz-
ing the role of LpxM in vitro and in vivo, the authors dis-
covered that LpxM is responsible for transferring
myristate to lipid A as its final acyl chain (the step after
LpxL). LpxM could also act on the substrate for LpxL’s
reaction but with efficiency 100-times less than its native
substrate (113). Thus, overexpressing lpxM in the absence
of lpxL could partially compensate for the loss of lpxL. A
more recent example of the versatility of multicopy sup-
pressors is the characterization of multicopy suppressors
for peptidyl-prolyl isomerase (PPIase) mutants (114).
Through this approach, the authors identified chaperones,
transcriptional factors, and replication proteins as multi-
copy suppressors of PPIase mutants. After further analy-
sis, the authors suggested PPIase functions in three E. coli
proteins, DksA, MetL, and Cmk, not previously known to
be PPIases (114).

Allele-specific multicopy suppression can occur through
increased concentration stabilizing binding between gene
products (56). For example, in Fig. 3, overexpression of
P2 has the potential to kinetically drive formation of a

P1–P2 complex despite the altered binding affinity of P1.
In a regulatory pathway, activator or repressor overpro-
duction could alter the activation of the pathway, regard-
less of the upstream signaling state. For instance, if an
activator within the pathway is normally expressed at a
low level, its overproduction could potentially increase
that activation level of the pathway (115). Given the wide
variety of useful information that can be obtained from
different types of suppressor mutations, it is useful to
consider how best to design experiments to enrich the
desired type of suppressor.

CONSIDERATIONS FOR DESIGN OF
SUPPRESSORS SCREENS AND
SELECTIONS
Suppressor screens and selections are used to identify
mutations capable of reversing the phenotypes associated
with a primary mutation. Success in discovering useful in-
formation is highly dependent on the type of suppressors
isolated and therefore the experimental design. Below, we
discuss experimental designs that maximize the recovery
of a given type of suppressor mutation, confirmation
methods for suppressor mutants, and some pitfalls to
avoid while performing the aforementioned experiments.

Effect of mutation on type of suppressors isolated.
The better characterized the selectable or screenable
phenotypes of the mutation are, the better the chance of
designing an efficient experiment to isolate desirable
suppressors. This does not, however, mean that knowl-
edge of the molecular nature of a mutation or even the
gene in which the mutation occurs is necessary for suc-
cessful isolation of suppressors. Nevertheless, if a spe-
cific type of suppressor is desired from a screen or
selection, choosing the most appropriate starting muta-
tion is helpful, as the choice of mutation (e.g., a dele-
tion, nonsense, or missense allele, a loss-of-function or
gain-of-function mutation, or a mutation outside the
ORF) will ultimately affect the type of suppressor muta-
tions isolated.

For example, to determine the suppressors that could
be isolated using a missense mutation that causes a full
or partial loss of protein function, it is important to
know whether a stable protein is produced. If a stable
protein that cannot function were produced, then the
mutation would be ideal to isolate allele-specific or
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intragenic suppressors and could also allow the isola-
tion of bypass and epistatic suppressors. A partial loss-
of-function mutant could lead to the isolation of similar
mutants, but would be ideal for the isolation of mutants
that alter the gene expression of the mutated gene lead-
ing to increased expression.

If the gene with the loss-of-function mutation does not
produce a stable protein, bypass, epistatic, or intragenic
suppressors could be recovered while recovery of allele-
specific suppressor would be unlikely. However, this is
not to say that allele specific mutations in this case can-
not be isolated. If a protein relies on an interaction with
a binding partner for stability, a secondary mutation in
the binding partner that restores interaction could
restore stability of the primary protein. To force the re-
covery of bypass or epistatic suppressors, a null muta-
tion, such as a gene deletion, is ideal. In contrast,
informational suppressors can be isolated by selecting
for suppressors of nonsense or frameshift mutations.
Therefore, when looking for other mechanistic classes,
these types of mutations should be avoided.

Finally, when a gain-of-function mutant is the basis for
a suppressor screen, it is possible to isolate and identify
many intragenic loss-of-function mutations, including
null mutations. Often, these suppressors are less in-
structive about the biological process being investigated,
although the exact location of the intragenic mutations
can show which amino acids are required for protein
function. To avoid intragenic suppressors, the gain-of-
function mutation can be expressed in diploid.

Strategies for isolating suppressor mutations. To
efficiently isolate suppressor mutants, a selection or
screen needs to be designed to identify mutations that
have lost the phenotypes of the original mutation.
Phenotypes that can be used in these experiments
include sensitivity or resistance to a phage, antibiotic,
or growth condition (e.g., temperature, pH, ion concen-
tration) and various auxotrophies (i.e., reliance on spe-
cific growth factors or nutrients for growth) (115).
Given multiple phenotypes, it is always preferable to
design a selection for a positive phenotype (i.e., growth
of the suppressors in a condition where the original
mutant cannot grow) as selections allow for millions of
cells to be assayed simultaneously. If the original mu-
tant was isolated through a selection, then investigation

of other phenotypes might be necessary in order to
design a selection for suppressors. However, it is often
the case that a mutant that is resistant in one growth
condition might be sensitive in another, allowing for
selection of both the original mutant and the suppressor
(116).

If a screen is necessary because the desired suppressor
has only negative phenotypes (i.e., failure to grow in a
condition where the original mutant can grow), the
likelihood of isolating suppressors can be increased,
and the labor necessary decreased, through mutagenesis
and enrichment of mutants of interest. Depending on
the goal of the suppressor screen, either specific genes
or the whole genome can be mutagenized to increase
the frequency of suppressor mutations in the popula-
tion (74, 106, 117, 118). Even with mutagenesis, the fre-
quency of mutants answering a screen can still be quite
low. Therefore, it is helpful to employ an enrichment,
such as ampicillin or penicillin treatment in conditions
where suppressors will not grow to increase the fre-
quency of these mutants in the population (119). This
method has been successfully employed with both bac-
teria in culture and for bacteria growing in mammalian
cells (120–122).

Besides these traditional techniques, high-throughput
sequencing technologies have made it possible to find
mutants with negative phenotypes while avoiding
labor-intensive screening. In this case, the pool of
mutants before and after selection is sequenced, allow-
ing the identification of mutants that have been
enriched or depleted in the library (123, 124). This tech-
nique can be applied to pools of transposon mutants
(transposon-insertion sequencing [TIS]) or to mutants
generated by chemical mutagenesis (mutational enrich-
ment analysis after phenotypic selection [MEAPS])
(124–128). These techniques have been thoroughly
reviewed elsewhere (123, 124, 129).

An additional strategy for the generation of suppressors
when the original mutation does not have tractable phe-
notypes is the use of fusions to generate the phenotypes.
For instance, the interaction of two binding partners could
be assayed through a bacterial two-hybrid assay, an ampi-
cillin reconstitution assay, split GFP assay, or POLAR
(PopZ-linked apical recruitment) assay depending on the
cellular compartment of the target proteins (130–134). If
the goal is to generate suppressors that increase the
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stability of a protein, then an easily assayable fusion with
LacZ, a fluorescent protein, or an antibiotic resistance pro-
tein could aid in this goal (115, 135–137). Finally, if a
change in gene expression is expected because of a sup-
pressor mutation, a transcriptional fusion could allow easy
monitoring of the expression the gene of interest
(138–140). The use of lac fusions in genetic screens and
selections has been thoroughly reviewed (115).

Avoiding pitfalls. One of the major pitfalls researchers
face when working with suppressor mutants is the inad-
vertent isolation of many true revertants or pseudo-
revertants when suppressor mutants are desired.
Analysis can be further complicated when revertants
are misclassified as suppressors. The gene with the orig-
inal mutation should be sequenced to avoid this mis-
classification. To avoid isolation of high numbers of
true revertants, the desired amino acid change can be
made in such a way that more than one nucleotide
needs to be altered to return the protein to the original
sequence, reducing the chance of a single base pair
change resulting in a true revertant. Pseudo-revertants
are harder to avoid but can be more interesting to
investigate.

Another pitfall is isolation of spontaneous resistance
mutant instead of suppressors specific to the original
mutation. For example, in situations where a mutant is
sensitive to an antibiotic and resistant suppressors are
selected, it is possible to isolate both suppressors that
affect the activity of the mutant and mutants with re-
sistance that affects the mechanism of action of the an-
tibiotic. To avoid the latter situation, it is best to select
or screen for multiple phenotypes of the original mu-
tant as suppressor should affect most or all of them.

It is also important that the method of mutagenesis
employed fits the goal of the experiment. For example,
spontaneous mutations are rare, and so are best for
selections. While chemical mutagenesis increases the
probability of finding a mutant of interest, it also
increases the likelihood of multiple mutations that
could need to be investigated to identify the suppressor
mutation. Finally, transposon insertions are easy to
locate but only cause gain-of-function phenotypes in
rare circumstances, such as by insertion into a promoter
increasing expression or through loss of specific 39 gene

regions, and are unlikely to produce an allele-specific
suppressor.

Confirmation of suppressor mutants. After isolation
of putative suppressor mutants, it is necessary to confirm
the secondary mutation is in fact responsible for suppress-
ing the original mutant phenotype. There are several ini-
tial confirmation steps that should be taken before critical
analysis and interpretation of results. First, it is important
to investigate the phenotypes of the suppressors to differ-
entiate between suppressors and resistance mutants and
to classify suppressors into categories with similar pheno-
types. Multiple suppressors with similar phenotypes may
be mutations in the same gene. Therefore, if one suppres-
sor mutation is located, the candidate gene should be
sequenced in other suppressors with similar phenotypes
to determine whether they also carry mutations in the
gene. Additionally, depending on the method of suppres-
sor isolation and whether whole genome sequencing has
been performed, the suppressor mutation should be
moved to a clean background to determine whether it is
sufficient to suppress the original mutant (141). The
mutation identified in the suppressor strain can also be
removed through linkage or complemented to determine
whether the mutation is necessary for suppression (142).
It is also beneficial to check whether the suppressor muta-
tion has phenotypes independent of the original mutation.

SUPPRESSORMAPPING ANDWHOLE
GENOME SEQUENCING
Mechanisms for identifying suppressor mutations have
evolved from early studies that relied on mapping to
current day research where sequencing can be used for
identification suppressors or aid in the mapping pro-
cess. Though sequencing and mapping each have draw-
backs, both tools can aid in analyzing intergenic
suppressors. Here, we discuss the use of mapping and/
or whole genome sequencing (WGS) to locate suppres-
sor mutants.

Genetic mapping describes the location of mutants in
relation to known markers, determining where these
mutations lie on the chromosome (143). On the other
hand, WGS determines an organism’s entire genome
sequence at a one time (144), providing every mutation
in the genome regardless of whether it is related to sup-
pression. This can become challenging if mutagenesis
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has been used to increase the frequency of suppressors.
As both mapping and sequencing have advantages and
disadvantages, using these tools to complement one
another can lead to more efficient suppressor identifica-
tion. Here, we will cover the use and drawbacks of WGS
in suppressor identification and detail the role mapping
still plays in identification of suppressor mutants.

Mapping of suppressor mutations. General approaches
for mapping include crossing strains, transfer of chromo-
somal segments, integration, genetic recombination, and
phenotypic expression for differentiation between strains
(145). Current approaches to map suppressors often use
phage to transfer selectable markers to the suppressed
strain. In general, the first step is to obtain a library of
selectable mutants containing antibiotic resistance

cassettes with known sequence, along with a method of
transferring the mutants into the suppressor strains with
relatively large pieces of genomic DNA. This transfer
method is often transduction, such as via P1 phage or
P22 phage, for E. coli and Salmonella enterica serovar
Typhimurium (S. Typhimurium), respectively. After
identification of selectable markers linked to the suppres-
sor mutation, the linkage frequency between the maker
and the suppressor mutation is used to determine the
physical distance between the suppressor and the marker
(Fig. 5) (146, 147). The linked resistance cassette or
transposon isolated for mapping can also be used to
transfer the suppressor to a clean background for further
analysis. Arbitrary PCR is used to provide the location of
the selectable marker, and so determine the whereabouts
of the suppressor. The suppressor mutation is then iden-
tified through Sanger sequencing or WGS.

FIG 5 Locating suppressor mutations through mapping. (A) Flow chart showing the general steps necessary for genetic mapping of
suppressor mutations. Please see text for detailed approaches. (B) The distance between a marker and a suppressor mutation can be
determined by co-transduction frequency. Crossover events to transfer a marker, A, are shown. The region recombined can include the
suppressor mutant or not. The frequency with which the suppressor is lost due to recombination can be used to calculate the distance
between the marker and the suppressor. In this case, the co-transduction frequency shows the suppressor is 15 Kbp, either upstream or
downstream (i.e., to the left or right) of A. (C) To determine the precise location of the suppressor, two selectable genetic markers, A and B,
genetically linked to the suppressor mutation with known locations are needed. Their distances from the suppressor are calculated as in (B).
With two markers, comparing the locations pinpointed by each maker allows the location of the suppressor mutation to be determined. In
this case, the distances align between the two genetic markers, A and B, at one possible location upstream of A and downstream of B.
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Genetic mapping of suppressors was imperative to early
discoveries made using suppressors, such as use of ochre
mutants (18) to determine that genes are colinear with
their polypeptide chain (13) and the description of con-
ditional lethal mutants of bacteriophage T4D (148),
among many others. In more recent work, mapping of
suppressors has helped to investigate mechanisms of
cell death caused by loss sE (149), led to discovery of a
gain-of-function mutant in a regulator of outer mem-
brane asymmetry (150), and allowed discovery of the
role of cyclic enterobacterial common antigen (ECA) in
maintenance of the OM permeability barrier (151).

Mapping strategies are often quick, inexpensive, and suc-
cessful without the need for WGS to identify mutations.
However, if only the general location of a suppressor is
determined through mapping and no obviously related
genes are in the region, WGS can be useful to identify the
mutation. These strategies can also be useful when WGS
is followed by mapping. For instance, in a genome with
many mutations identified by WGS, mapping can provide
insight into the location of suppressor mutation without
testing each mutation in the genome. Furthermore, identi-
fication of suppressors by mapping can be difficult if the
suppressor lacks a selectable phenotype or in organisms
without genetic tools. In these cases, WGS is useful.

Whole genome sequencing. WGS is an important tool
to identify gene function when complemented with com-
putational tools to predict homology and proteins struc-
ture. Invented in the 1970s, DNA sequencing was a
breakthrough for biological research and led to an increase
in knowledge of genes’ identity, structures, function, and
regulation (152). WGS analysis is performed with next
generation sequencing technologies and these technolo-
gies require computational and bioinformatic means to
analyze abundant sequence data (153). WGS has become
useful in the identification of suppressor mutations. For
instance, WGS was used to locate suppressors of a loss of
motility in a Salmonella strain with impaired Type III
secretion system (154). A deletion in fliO, one of the trans-
membrane proteins in the secretion system, caused poor
motility. Using WGS, the authors then located suppressor
mutations that partially rescued motility. Through analysis
of these suppressors, the authors concluded that FliO
plays a role in regulation of FliP, another member of the
secretion machinery, during flagellum assembly (154).

WGS was also used to locate high frequency suppressors
of dGTP starvation in a mutant of E. coli that quickly
degrades dGTP (155). Many of these suppressors upregu-
late de novo purine synthesis through altering a transcrip-
tional regulator or duplicating a large region of DNA
including purine biosynthesis genes. Thus, WGS led to
the identification of suppressors that can evade starvation
by simply upregulating purine synthesis de novo, leading
to restoration of dGTP to adequate levels (155). High
throughput sequencing technology has also been used in
Vibrio cholerae to pinpoint spontaneously occurring sup-
pressor mutations which facilitated disruption of rpoE
(the gene for sE) (156). sE is activated by envelope stress
and aids in preserving cell envelope integrity. Over 75% of
the V. cholerae rpoE suppressor mutations reduced
OmpU production, V. cholerae’s principal outer mem-
brane porin. Thus, OmpU seems to be an imperative to
determining the essentiality of sE in V. cholerae (156).

While WGS can identify suppressor mutations, it also
has drawbacks. WGS can identify multiple mutations
necessary for suppression. However, if many unrelated
mutations are present, such as when chemical mutagen-
esis has been used, WGS will not identify which muta-
tion is the suppressor. In addition, short-read
sequencing can have difficulty identifying duplications,
gene movement, and movement of insertion elements
and transposons. When a genome contains multiple
copies of the same insertion element, assembly of short
read sequencing data becomes complicated and inser-
tion sites become difficult to identify. Although, this
problem can be solved using long read sequencing tech-
nologies, these approaches generally have lower accu-
racy (157). With these types of suppressor mutants,
mapping may be ideal. Nevertheless, in many cases,
WGS is the only way to identify a suppressor in organ-
isms where linkage-mapping tools are not available.

PROTOCOLS

Design of suppressor selections and screens.
Suppressor screens and selections are potent tools to
uncover additional information about a known gene or
protein and for the identification of other unknown
interacting components. The success of a suppressor
screen and selection will depend in large part on its
design. The key to designing an effective suppressor
screen and selection lies in having a mutation with
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well-characterized, strong phenotypes to suppress that
is of a type that will yield the suppressor types of inter-
est (see above). Depending on the phenotypes either a
selection or a screen can be setup to isolate suppressor
mutants.

Selections are easily setup when a parent mutant causes
a growth defect such as an auxotrophy or sensitivity to
a growth condition, antibiotic, or phage: suppressor
mutants can be selected through growth in these condi-
tions. Thus, a selection could be readily setup for sup-
pressors of conditional lethal mutants, catabolic
mutants, metabolic mutants, or temperature sensitive
mutants. For example, if the goal is to isolate suppres-
sors of a mutation that causes antibiotic sensitivity, a
selection can be used to isolate mutants that are now re-
sistant to the antibiotic.

The key to a successful selection strategy is optimizing
the conditions so that the parent strain will have no
growth, but the suppressed strain will thrive. The first
step is determining the correct growth conditions.
These conditions could include temperature, nutrient
concentrations, media type, selective agent concentra-
tion, if applicable, and time of growth. Comparing the
phenotypes of the parent mutant and the wild-type
strain can provide a useful starting point for designing
the selection. The second factor for optimization is the
concentration of cells that will be tested in the selection.
The proper number of cells depends on the effect of cell
number on selection (for instance, some antibiotics are
less effective at high cell numbers), possible cross feed-
ing between auxotrophic mutants, and the expected fre-
quency of suppressors. Depending on the number of
genes and types of mutations that could answer the
selection, the frequency of suppressors expected can
vary by several orders of magnitude (155, 158).
Optimizing these conditions will ensure a successful
selection with a low rate of both false positives and false
negatives.

Some mutants do not have a phenotype that will allow
for selection of suppressor mutants, necessitating a
screen. By performing a screen, suppressor mutants
that cannot grow in a condition where the parent mu-
tant can grow can be isolated. In addition, screens allow
for differentiation of the original mutant and the sup-
pressive mutant based on other characteristics such as
colony morphology or color of an indicator. The

feasibility of suppressor screens is limited by the num-
ber of colonies that need to be screened to find a rare
suppressor; however, enrichment of mutants can help
decrease the labor involved in such a screen (see below).
A common experimental strategy when performing
suppressor screens for negative phenotypes is replica
plating. Cells with a screenable phenotype are grown in
non-selective conditions. The resulting colonies are
then transferred to selective plates producing replicates
of the first. This allows the identification of colonies
that are suppressors of the original mutation by their
lack of growth on selective plates.

Another common experimental screen strategy is to use
a lacZ fusion for screening. This approach can be uti-
lized when the mutant to be suppressed does not have
any phenotypes that allow for a selection or screen to
be performed. Several b-galactosidase (LacZ) indicators
are available which differ in their sensitivity and choos-
ing the correct indicator can greatly aid in the success
of a suppressor screen utilizing lacZ fusions (thoroughly
reviewed in [116]). For instance, when LacZ breaks
down X-gal, a highly sensitive LacZ substrate, an insol-
uble blue pigment is released. The amount of pigment
produced depends on the amount of LacZ present.
Depending on the desired phenotype of the suppressor,
a transcriptional or translational lacZ fusion can be
used. For example, if a suppressor should turn off the
expression of a given gene, a lacZ transcriptional re-
porter can be constructed and used for screening. Pools
of mutants would be screened with X-gal for white col-
onies where lacZ is not expressed.

The frequency of suppressors in a population, which
depends on the types of mutation that can lead to sup-
pression, can be very low making direct screening for
spontaneous suppressors impractical. For instance, while
some mutants may generate suppressors at a frequency
as high as 1 in 10,000 other mutants that require a spe-
cific change to a small number of possible nucleotides
can be as infrequent less than 1 in 1,000,000,000 (155,
158). This makes screening for spontaneous suppressors
unrealistically labor-intensive. Two approaches, which
are not mutually exclusive, can be taken to decrease the
number of colonies that need to be screened in order to
identify suppressors: mutagenesis and enrichment.

There are many different mechanisms to induce muta-
tions when isolating suppressors. Two widely used and
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studied methods are physical (e.g., UV light) and chemical
(e.g., alkylating agents and azides) mutagenesis. The effec-
tiveness of chemical mutagenesis is dependent on dose of
the mutagenic agent. The increased rates of mutations
caused by increasing dose must be balanced with the
decreased survival of the treated strain. The most com-
monly used form of physical mutagenesis is UV radiation,
which causes the formation pyrimidine dimers. However,
physical radiation can also induce indirect mutations due
to the production of reactive oxygen species that cause
genetic damage (141, 155, 158). When targeting specific
gene(s) for the suppressor screen, PCR mutagenesis can
be used, which is unique in the largely unbiased nature of
commercial error-prone polymerases, and cause transi-
tions and transversions at nearly equal levels.

Enrichment increases the frequency of mutants in a pop-
ulation. A classic example of an enrichment was detailed
by Bernard Davis who used a penicillin enrichment strat-
egy to isolate auxotrophic mutants of E. coli, using the
ability of penicillin to kill only growing cells (159). This
enrichment works by first growing a population of
mutants in nonselective conditions. After growth, the
population is then transferred to conditions where the
desired mutants cannot grow and treated with ampicillin
or penicillin. The surviving population of bacteria, which
has a higher proportion of cells that cannot grow in the
selective condition, is then plated in nonselective condi-
tions before screening, often through replica plating.
Once suppressors are isolated, additional studies can be
conducted to verify the nature of the suppressor. If inter-
genic suppressors have been isolated, this analysis can
involve genetic mapping to locate the suppressor.

Mapping of suppressor mutations. (i) Overview.
When mapping suppressors, there are two main goals:
finding a selectable marker linked to the suppressor
mutant and using distance from that marker to deter-
mine the location of the suppressor (Fig. 5A). The first
step is to obtain a library of selectable mutants, along
with a method of transferring the mutants into the sup-
pressor strains. Single gene deletion libraries are avail-
able for both S. Typhimurium 14028s and E. coli K-12,
which can be used for mapping suppressor mutants
(160, 161). However, if these resources are not available
in the lab, obtaining them for mapping is unnecessary,
as transposon libraries are easily constructed. Although
there are many options for constructing a transposon

library, the EZ-Tn5 transposon has been successfully
used to create high density libraries (128).

The first step in locating the suppressor mutation is trans-
ferring the selectable markers to the suppressor strain and
finding mutants that have lost the suppressor. Using gen-
eralized transducing phages for this transfer is ideal, as the
segments of DNA transferred are large enough to allow a
reasonable number of mutants to be screened while small
enough to limit analysis to confined areas of the genome.
For instance, using P1vir and a pooled library of mutants,
a clone that has lost the suppressor mutation should be
found within the first 400 to 500 mutants screened (121).
If a transducing phage is not available, conjugation can
also be used to map suppressor mutants, although precise
mapping is made difficult by the large segments of DNA
transferred (146, 162, 163). With the isolation of selectable
markers linked to the suppressor mutation, the linkage
frequency between the two makers can be calculated. The
frequency of recombination allows for the mapping of the
suppressor to a specific location on the chromosome by
providing evidence of the suppressor's distance from
known genetic markers. Here, we describe the process for
using a library and a generalized transducing phage to
map suppressor mutants.

(ii) Isolating selectable markers linked to a suppressor
mutation. As described above, mapping requires a pooled
library of selectable markers and a way to transfer them
to the suppressor strain. To create the pool of selectable
markers, the mutations in the Keio collection for E. coli
or the single gene deletion library in Salmonella can be
pooled or a pool of transposon mutants can be used (160,
161, 164). For the transduction, the phage used will
depend on the organism being used. P1vir phage will
transduce E.coli K-12 and P22 phage can be used if work-
ing with S. Typhimurium. Lysates should be made from
the pool of selectable mutants and used to transduce the
strain containing the suppressor mutation. After trans-
duction of the markers into the suppressor strain, the col-
onies should be replica plated to plates with the same
antibiotic from the transduction and on plates selective
for the suppressor mutation. From the replicate plating,
the clones of interest will have lost the phenotype of the
suppressor mutant and returned to the phenotype of the
parent mutant.
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These colonies should be restreaked from the control
plate that selects for the marker but not the phenotype
of interest to confirm the phenotypes. A new lysate for
transduction is then made for this marker to confirm
linkage to the suppressor mutation and to determine
linkage frequency (see below). Using this lysate to
transduce the original suppressor mutant will generate
two types of transductants: those that have lost the sup-
pressor and those that now have the marker and the
suppressor mutation linked. The loss of suppression in
the transductants without mutation demonstrates that
the mutation is necessary for suppression. A lysate
made from a transductant that has the marker linked to
the suppressor mutation can be used to move the sup-
pressor mutation to a clean strain with the mutation
that is being suppressed and determine whether the
suppressor mutation is sufficient for suppression. In
addition, moving the suppressor to other strain back-
grounds allows the phenotypes of the mutant to be
more broadly examined.

Arbitrary PCR and Sanger sequencing, as described by
Malinverni et al. (165), allows the selectable marker to
be located. Arbitrary PCR works by performing PCR
from primers near the end of the selectable marker and
an arbitrary location outside the marker, which will
then isolate the junction between the marker and the
chromosome. In the example of Malinverni et al. (165),
primers for miniTn10 transposon were used but pri-
mers can be designed to work with any desired marker.
With at least one marker linked to the suppressor, a
region of genome in which the suppressor mutation is

located can be determined (within about 100 Kb from
the marker for P1vir and 44 Kb for P22) (166, 167).
Isolation of two linked markers decreases the size of the
possible genome location of the suppressor and facili-
tates determination of the suppressor mutation’s the
exact location by linkage frequency.

(iii) Mapping of suppressor location by linkage fre-
quency. The principle behind linkage frequency is that the
distance between genetic loci determines their co-transduc-
tion frequency with closer loci co-transducing more fre-
quently. The phenotype of one genetic marker will be
selected and the resulting colonies are then screened for
the unselected marker. In order to map the suppressor
location by linkage frequency, at least two selectable
markers close to the suppressor mutation must be located.
Using lysates for the markers, the suppressor mutant is
transduced and the proportion of the transductants that
lose the suppressor mutation is calculated (Fig. 5B). This
proportion can be easily calculated by replica plating 100
colonies onto conditions that differentiate between the
phenotype of the suppressor mutant and the parent strain.
Counting the number of colonies that lose the suppressor
mutation will provide the percent linkage.

The Wu formula, which takes into account the size of
the transducing fragment, is used to find the genetic dis-
tance between the markers and the suppressor (Fig. 6)
(147). As insertions and deletions in the donor DNA will
alter the co-transduction frequency, there is a modified

FIG 6 Correlation between distance and linkage frequency for P1 and P22 transduction. The Wu formula [C = (1 – D/L)3] can be used to
be used to find the genetic distance between two markers based on their co-transduction frequency (147). C, co-transduction frequency;
d, distance between markers; L, size of the transducing fragment. (A) Frequency of P1 cotransduction by distance based on the 100 Kbp
P1 transducing fragment (167). (B) Frequency of P22 cotransduction by distance based on the 44 Kbp P22 transducing fragment (166).
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version of Wu’s formula that accounts for this variation
(166). The relationship between co-transduction fre-
quency and physical distance will depend on the phage
used for the transduction (147, 166). With the location
of the suppressor mutation now determined (Fig. 5C),
Sanger sequencing of nearby genes can identify the sup-
pressor mutation. Alternatively, whole genome sequenc-
ing can be performed to locate the mutation. In this case,
the mapping can determine which mutations in the ge-
nome is the suppressor. This is especially helpful in cases
where a mutagen has been used leading to a high rate of
mutations. With the suppressor mutation identified, the
mechanism of suppression can be investigated leading to
significant insights into the genetic interaction relating
the original mutant gene and the suppressor.

CONCLUDING REMARKS
Suppressor mutants are incredibly powerful tools for
discovering and investigating the genetic interactions
between genes, proteins, and pathways. Their true
strength is their ability to provide new and surprising
insights due to the potentially unbiased nature of sup-
pressor screens and selections. The characterization of
suppressor mutants has played a key role in many of
the fundamental discoveries in molecular biology and
microbiology and they continue to be an important tool
in mechanistic investigations.

The types of insights that can be gained from suppres-
sor screens depends greatly on the types of mutations
used for suppressor generation and so the types of sup-
pressors generated. These categories of suppressor
mutants act through very different mechanisms from
mechanisms directly related to the function of the gene
or pathway under investigation to mechanisms that
affect alternative pathways to mechanisms that alter the
fundamental processes of gene expression. Thus, sup-
pressors, although powerful, are also highly susceptible
to misinterpretation. This makes knowledge of the types
of suppressor mutations and the proper design of
experiments imperative. Current molecular and bio-
chemical tools allow for the identification of a suppres-
sor to be the fundamental observation that leads to
many new discoveries. Investigation of the suppressor
can extend beyond selectable phenotypes to in depth
analysis of the changes that occur in the cell with sup-
pression, greatly advancing our understanding of often
complex genetic interactions. Thus, with full

consideration of pitfalls and interpretation, suppressor
mutants will continue to be an essential tool for genetic
investigations for years to come.
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