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MINIREVIEW

Toxin-Antitoxin Modules May Regulate Synthesis of
Macromolecules during Nutritional Stress

KENN GERDES*

Department of Molecular Biology, Odense University, SDU, DK-5230 Odense M, Denmark

The recent enormous expansion of the microbial DNA da-
tabases has made it profitable to search for homologues and
paralogues (homologues within species) of interesting genes.
In combination with genetic, biochemical, and physiological
investigations, such analyses may yield new, valuable informa-
tion with impact on entire research fields. Here I present one
such example, the combined description and database analyses
of toxin-antitoxin (TA) loci from prokaryotes.

Naturally occurring plasmids are genetically stable. In most
cases, stable plasmid inheritance is due to the presence of gene
cassettes that actively prevent plasmid loss at cell division.
These cassettes can be divided into three classes: (i) centro-
mere-like systems that actively secure ordered segregation of
replicons prior to cell division (31, 39, 40, 97), (ii) site-specific
recombination systems that actively resolve tandem plasmid
multimers into monomers (81, 85), and (iii) cassettes that me-
diate killing of newborn, plasmid-free cells resulting from fail-
ure of the first two systems to secure plasmid maintenance.
This latter, paradoxical type of cell differentiation has been
termed postsegregational killing (PSK) (24). Two types of PSK
mechanisms have been described in detail at the molecular
level. In both cases, the killing of plasmid-free progeny relies
on stable toxins whose action or expression is counteracted by
metabolically unstable regulators. The instability of the regu-
lators results in activation of the toxins in cells that have lost
the toxin-encoding plasmid. In one type of PSK mechanism,
the regulators are unstable antisense RNAs that inhibit the
translation of stable, toxin-encoding mRNAs (i.e., the hok
mRNAs). The instability of the antisense RNAs leads to acti-
vation of translation of the toxin-encoding mRNAs specifically
in plasmid-free cells, thereby leading to their elimination. The
complex posttranscriptional regulation of the hok genes has
been reviewed previously (26) and will not be discussed further
here.

The other type of PSK mechanism relies on stable toxins
whose action is prevented by cognate protein antitoxins (re-
viewed previously in references 35, 38, and 42). Again, the
indigenous instability of the antitoxins (also called antidotes by
some researchers) leads to activation of the toxins in plasmid-
free cells. The PSK phenotype results in increased plasmid
maintenance, since plasmid-free progeny have a much lower
chance of survival than the plasmid-bearing cells. Accordingly,
the plasmid-encoded TA loci have also been called plasmid
addiction modules and proteic plasmid stabilization systems,
terms that should be used exclusively for the plasmid-encoded
loci. Here I present an overview combined with a database

analysis of prokaryotic TA loci, with emphasis on recent find-
ings. The ubiquity of the TA loci in prokaryotic chromosomes
indicates that they have function(s) unrelated to plasmid main-
tenance. Two such potential alternative functions are discussed
here. The general phenomenon of programmed cell death in
bacteria has been reviewed in detail elsewhere (34, 35, 98).

PLASMID-ENCODED TA LOCI

General properties. The genetic organization of the known
plasmid-encoded TA loci are shown in Fig. 1A, and Table 1
gives an overview of their components. In general, the TA loci
are organized into operons in which the first cistron encodes
the antitoxin and the second cistron encodes the toxin. One
exception to this rule is the hig locus of Rts1 in which the
upstream cistron codes for the toxin (90). A second peculiarity
of the hig locus is that the toxin is smaller than the antitoxin,
whereas the reverse is the case for all other systems known
(Table 1). Even though the genes in general do not exhibit
sequence similarity, the genetic structures and functions of the
components of the TA loci are quite similar, thus favoring the
suggestion that they arose from a common ancestral gene. This
conjecture is supported by the finding that the antitoxins of ccd
of F and pem/parD of R100/R1 exhibit weak sequence similar-
ity (74).

The toxins are very potent, and their artificial overproduc-
tion leads to rapid and massive cell killing, in most cases cor-
responding to several orders of magnitude in reduction of
viable-cell counts. Cloning of a toxin-encoding gene in expres-
sion vectors can be difficult, usually due to a fortuitous low
transcription rate of the toxin-encoding gene even without
inducer present (e.g., isopropyl-b-D-thiogalactopyranoside
[IPTG] for LacI-regulated promoters and arabinose for AraC-
regulated promoters). Several solutions to this problem exist.
For instance, my lab has developed expression vectors with
large reductions in leakiness (29, 30, 68). Another solution
relies on the fact that the replacement of the AUG start codon
of the toxin gene with GUG reduces the level of gene expres-
sion 5- to 10-fold (28). Such mutations are easily introduced
into a toxin gene of interest by recombinant PCR (29). A third
solution relies on the use of an antitoxin-producing strain as
the recipient in the cloning procedure.

The protein antitoxins counteract their cognate toxins by
forming tight complexes with them. This has been shown di-
rectly in the cases of CcdA/CcdB of F (3, 87, 96), Kis/Kid of R1
(76), Phd/Doc of P1 (23, 51), and ParD/ParE of RK2 (41). The
antitoxins, which are usually found in greater concentrations
than those of the toxins, are degraded by cellular proteases
Lon and Clp (Table 1), whereas the toxins are generally stable.
The instability of the antitoxins is the basis for activation of the
toxins in plasmid-free segregants (38). Thus, newborn, plas-
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mid-free cells inherit a pool of TA complexes plus a pool of
free antitoxin. By inference, the cellular proteases recognize
the antitoxins both when the antitoxins are free in solution and
when they are complexed with the cognate toxin. Alternatively,
the observed activation of toxin activity is caused by dissocia-
tion of the toxin and antitoxins at a rate sufficiently high as to
allow for the observed killing of plasmid-free cells.

The antitoxins autoregulate transcription of the TA operons
via binding to operator sites upstream of or overlapping with
the operon promoters (Fig. 1B). In many cases, the toxins act
as corepressors of transcription, indicating that a TA complex
is bound to the operator sites. Binding of such TA complexes
to the promoter regions has been shown in several cases (17,

50, 51, 71, 75, 78, 87, 93) and inferred in others (29, 30, 83, 88).
With respect to transcriptional regulation, ccd of F (Fig. 1A)
poses a special case, since the CcdA antitoxin has no repressor
activity by itself, as transcriptional regulation of the ccd pro-
moter requires both CcdA and CcdB (17, 78, 87).

In a physiological study, my group compared the efficiency of
the TA systems with respect to PSK using isogenic host-vector
systems (38). We found that ccd of F and parD of R1 stabilized
R1 plasmids only marginally (5- to 10-fold), whereas parDE of
RK2 was considerably more efficient (1,000-fold stabilization).
Similarly, phd-doc stabilized P1 sevenfold and relBE from P307
(relBEP307) stabilizes P307 only fivefold (30, 46). Thus, in gen-
eral, it seems as if TA loci stabilize plasmids considerably less
efficiently than true centromere-like systems, which yield 100-
to 10,000-fold stabilization (9).

The instability of the antitoxins is due to degradation by the
cellular proteases Lon and Clp (Table 1). Thus, CcdA, PemI,
RelB of P307, and PasA of pTF-CF2 are degraded by Lon,
whereas Phd of P1 is degraded by ClpXP (Table 1). In those
cases investigated, degradation is relatively slow, as indicated
by the long half-lives of the antitoxins in vivo (30 to 60 min).
Thus, in steady-state cell growth, the antitoxins are slowly
turned over. It is reasonable to assume that a higher turnover
rate of the antitoxins would lead to more-efficient plasmid
stabilization. Thus, in the context of plasmid stabilization, it
does not seem appropriate with antitoxins whose half-lives are
too long. TA systems have been identified on many low-copy-
number plasmids replicating in gram-negative bacteria. Many
features of the TA loci appear similar, and the following is a
description of the well-characterized systems.

The ccd locus of F. Originally, ccd was described as a system
that couples cell division to plasmid replication by inhibiting
division of cells with fewer than two plasmid copies (56, 57, 67).
Later physiological analyses showed that ccd mediates plasmid
maintenance by PSK (33, 36). Using a novel plasmid replica-
tion arrest system, we confirmed the latter conclusion (37).
Lon degrades CcdA in vivo, and in vitro Lon degrades CcdA in
an ATP-dependent fashion (95, 96). However, perhaps coun-
terintuitively, CcdB protects CcdA from degradation by Lon in
vitro. If this is also the case in vivo, then the activation of CcdB
is not a simple consequence of Lon degrading CcdA in the
CcdAB complex. One possibility is that the CcdAB complex
dissociates at a rate that allows activation of CcdB in plasmid-
free cells. Alternatively, factors (yet to be defined) present in
vivo may modulate the interaction between CcdA and CcdB.

Selection of mutations that rendered host cells resistant to
the toxic activity of CcdB showed that CcdB inhibits Esche-
richia coli DNA gyrase (6, 58). In a number of elegant analyses,
Martine Couturier’s lab investigated the mechanism of action
of CcdB, its interaction with DNA gyrase subunit A and with
CcdA, and the tertiary structure of CcdB (3, 7, 49, 78). The
CcdB protein traps DNA gyrase in an inactive complex with
DNA (7). Thus, the observed inhibition of cell division by
CcdB is probably due, at least in part, to the trapped DNA
gyrase (i.e., induction of the SOS response). CcdB-mediated
poisoning of DNA gyrase in vitro was reversed by the addition
of excess CcdA antitoxin (3). The observation that the CcdB-
mediated gyrase poisoning is reversible suggests that cell kill-
ing is an extreme case of CcdB action observed when CcdB is
overproduced. Thus, it is possible that CcdB during other,
more-physiological conditions, inhibits DNA replication with-
out concomitant killing of the host cell.

The pem/parD loci of plasmids R100/R1. The parD and pem
(for plasmid emergency maintenance) loci of R1 and R100,
which are identical, code for the toxins Kid (for killing deter-
minant)/PemK and the antitoxins Kis (for killing suppressor)/

FIG. 1. (A) Genetic organization of plasmid-encoded TA loci. In all cases
but one (the hig locus), the antitoxins are encoded by the upstream gene of the
TA operons. Arrows pointing right indicate promoters upstream of the genes.
The arrow pointing left indicates a divergent promoter that promotes transcrip-
tion into the parABC genes of RK2. The resD gene downstream of the ccd genes
in F encodes a site-specific resolvase that resolves F multimers into monomers
(43, 66). The derivation of gene designations follows: ccd, coupled cell division;
phd, prevention of host death; doc, death on curing; kis, killing suppression; kid,
killing determinant; pem, plasmid emergency maintenance; pas and stb, plasmid
stability; hig, host inhibition of growth; rel, relaxed control of stable RNA syn-
thesis. The pas locus is from the T. ferrooxidans plasmid pTF-CF2; stb is from the
S. flexneri plasmid pMYSH6000; v-ε-z is from pSM19025 of S. pyogenes; relBE
homologues are present on plasmid P307 of E. coli, plasmid pJK2 of A. euro-
paeus, plasmid R485 of M. morganii, and plasmid pRJF2 of B. fibrisolvens. Genes
were not drawn to scale. (B) General genetic and functional setup of the TA loci.
The antitoxins neutralize the toxins by forming tight complexes with them. The
TA complexes bind to operators in the promoter regions and repress transcrip-
tion (shown by broken arrow pointing to the promoter region). Cellular pro-
teases (Lon or Clp) degrade the antitoxins, thereby leading to activation of the
toxins in plasmid-free cells and perhaps during other, as yet unknown, conditions.
The question mark indicates that it is not yet known if the antitoxins are de-
graded when complexed with the toxins or if the toxins and antitoxins dissociate
before the antitoxins are degraded.
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PemI (10, 91). The wild-type parD locus is functionally inactive
or poorly effective, yielding a 2- to 10-fold stabilization of
mini-R1 plasmids (37, 76). Surprisingly, and not yet explained,
mutations in the repA gene that reduced plasmid copy number
activated the wild-type parD locus. In this case, the mutant R1
plasmid derivative was stabilized highly efficiently by parD (10,
76). Thus, under certain circumstances, the parD killer locus is
very efficient. The PemI/Kis protein is degraded by Lon, which
is the basis for activation of PemK/Kid in plasmid-free cells
(39, 92).

Ramon Diaz-Orejas’ group showed that Kid/PemK inhibits
initiation of replication in vitro (76). The target of Kid/PemK
is probably the E. coli DnaB helicase, since multicopy plasmids
carrying the dnaB gene suppress the lethal action of Kid/PemK
in vivo. The same study showed that Kis and Kid form a
complex in vitro. The pem/parD operon is autoregulated by the
concerted action of the toxin and antitoxin, presumably via
binding of the Kis-Kid complex to the promoter region (76,
93).

The phd-doc locus of P1. Plasmid P1 codes for a TA system,
phd-doc, that stabilizes P1 approximately sevenfold (46). Ex-
pression of Doc (for death on curing) is lethal in the absence
of PhD (for prevention of host cell death). The Phd antidote is
degraded by the ClpXP protease (47). Assuming that Doc is
stable, then the instability of Phd is the cause of plasmid sta-
bilization (by PSK). Phd autoregulates the phd-doc operon,
and Doc acts as a corepressor of transcription (50). Phd binds
cooperatively as a tetramer to inverted repeats in the region
between the 210 box and the start site of transcription up-
stream of phd (22, 50, 51). Gel shift analyses indicated that Doc
stimulates the cooperative binding of Phd to the promoter
region (50, 51). In solution, Phd exists predominantly in an
unfolded conformation, and DNA binding stabilizes the native
Phd fold (22). A nontoxic mutant version of Doc interacted
physically with Phd in a Phd2D trimeric complex and this
interaction is probably the molecular basis for the antitoxic
effect of Phd (23, 51). Using fluorescence resonance energy
transfer, Gazit and Sauer (23) determined the in vitro half-life
of the trimeric complex to be less than 1 s, perhaps indicating
the presence of small amounts of free Doc protein in vivo.
Furthermore, such a high dissociation rate may be the basis for
activation of Doc, since it is perhaps difficult to reconcile how

a protease can degrade the antitoxin in a TA complex without
also degrading the toxin. This line of thinking is consistent with
the finding that CcdB protects CcdA in the CcdAB complex
from Lon in vitro (96). Interestingly, functional chromosomal
homologues of phd-doc are located upstream of enterobacte-
rial type IC restriction-modification systems within P1-like se-
quence contexts (94).

The parDE locus of broad-host-range plasmid RK2/RP4.
The parDE operon of RP4/RK2 encodes a potent PSK system
that stabilizes mini-R1 and other types of replicons very effi-
ciently (27, 37, 70, 72). The ParD and ParE proteins are dimers
in solution, and the ParDE proteins form a tetrameric
ParD2ParE2 complex in vitro (41). This tetrameric complex
binds to the parDE promoter in vitro and autoregulates tran-
scription of parDE (41). However, ParD protein alone is suf-
ficient for autoregulation of the parDE operon (16, 19), and a
ParD dimer binds to the promoter in vitro (71). It is not known
if ParE participates in autoregulation of the operon. Database
searching revealed ParDE homologues on Yersinia pestis plas-
mids pCD1 and pYVe227 and on the chromosomes of Vibrio
cholerae, Yersinia enterocolitica, and Mycobacterium tuberculo-
sis. This gene family will not be analyzed further here.

The pas (for plasmid stability) locus of pTF-CF2. The pas
locus of plasmid pTF-CF2 from Thiobacillus ferrooxidans con-
stitutes a special TA locus since it codes for three genes,
pasABC, organized in an operon (Fig. 1A) (82). The first two
cistrons encode a TA couple, PasAB, whereas pasC apparently
codes for a protein factor that modulates the interaction be-
tween PasA and PasB. Thus, it seems that the presence of PasC
enhances the antitoxic effect of PasA towards PasB. The mo-
lecular mechanism behind this phenomenon is not yet known
but could be due to the formation of a triple PasABC complex.
The PasA antitoxin represses the pas promoter, and PasB acts
as a corepressor of transcription (83). As shown in a number of
other cases, PasA antitoxin is degraded by Lon (84). Interest-
ingly, BLAST analyses revealed that pasAB belongs to the
relBE family (see below). However, no obvious pasC homo-
logues have been identified.

The v-«-z operon of the broad-host-range plasmid
pSM19035 from gram-positive bacteria. Plasmid pSM19035 is
an inc18 broad-host-range replicon originally isolated from
Streptococcus pyogenes, and unlike most other plasmids from

TABLE 1. Properties of plasmid-encoded TA loci

Locusa Organism Toxin
(no. of aa) Target Antitoxin

(no. of aa) Protease PSK Reference(s)

ccd of F E. coli CcdB (101) DNA gyrase CcdA (72) Lon Yes 57, 58, 67, 95, 96
pem/parD of R100/R1 E. coli PemK/Kid (110) DnaB? PemI/Kis (84) Lon Yes 10, 77, 91, 92
phd-doc of P1 E. coli Doc (126) Unknown Phd (73) ClpXP Yes 46, 47
parDE of RK2 BHRb ParE (103) Unknown ParD (83) Unknown Yes 72
relBE/pasABC T. ferrooxidans PasB (90) Unknown PasA (74) Lon Yes 82, 83, 84
stb of pMYSH6000 S. flexneri Orf2 (133) Unknown Orf1 (75) Unknown NDc 69
hig of Rts1 BHR HigB (92) Unknown HigA (104) Unknown Yes 90
ε/z of pSM19035 BHR z (287) Unknown ε (90) Unknown Yes 13
relBE of P307 E. coli RelE (95) Translation RelB (83) Lon Yes 30
relBE/stbDE of R485 M. morganii RelE/StbE (93) Unknown RelB/StbD (83) Unknown Yes 32
relBE of pJK21 A. europaeus RelE (93) Unknown RelB (87) Unknown ND This work
relBE of pRJF2 B. fibrisolvens RelE (93) Unknown RelB (83) Unknown ND This work
relBE of pB171 E. coli RelE (95) Unknown RelB (83) Unknown ND This work
relBE of p11184 P. shigelloides RelE (94) Unknown RelB (80) Unknown ND This work

a Plasmid R485 is from M. morganii, pMYSH6000 is from Shigella flexneri, pJK21 from Acetobacter europaeus, pasABC is from the T. ferrooxidans plasmid pTF-CF2,
v-ε-z of pSM19035 is from S. pyogenes, and plasmid pRJF2 is from B. fibrisolvens; all other loci are from E. coli plasmids or broad-host-range plasmids (RK2/RP4, Rts1
and pSM19035). Broad-host-range plasmid RK2/RP4 is from gram-negative bacteria, pSM19035 is from gram-positive bacteria.

b BHR, broad-host-range plasmid.
c ND, not determined.
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gram-positive bacteria, it replicates via a u-like mechanism
(11). Despite its low copy number, pSM19035 is structurally
and segregationally stable. Ceglowski et al. (13) showed that
the presence of a region encoding genes v-ε-z is required for
plasmid stability. More-recent analyses showed that z encodes
a cytotoxin, while ε encodes an antitoxin that combines in vivo
with z (P. Ceglowski, personal communication). However, the
TA locus of pSM19035 is unusual in that it also contains gene
v, which encodes an autorepressor of the v-ε-z operon. Thus,
the proteins encoded by genes ε and z are not involved in
transcriptional regulation. Furthermore, the toxin encoded by
z (287 amino acids [aa]) is much larger than the toxins of the
other TA loci described here. Thus, the evolutionary origin of
the ε-z couple is not clear.

The stb locus of pMYSH6000. The stb locus of the Shigella
flexneri virulence plasmid pMYSH6000 stabilizes plasmids in
E. coli (69). stb encodes two small juxtaposed open reading
frames designated STBORF1 (75 codons) and STBORF2 (133
codons). The mechanism of plasmid stabilization by stb is not
yet known, but its genetic organization suggests that it could be
a PSK system. Curiously enough, TRAORF1 and TRAORF2
of plasmid F are highly similar (98.7 and 98.5% identity) to
STBORF1 and STBORF2, but the F genes apparently do not
mediate plasmid stabilization (69). Using BLAST, additional
homologues of stb were identified on a plasmid from Salmo-
nella dublin and on the chromosomes of Haemophilus influen-
zae (20), Dichelobacter nodosus, Agrobacterium tumefaciens,
and the photosynthetic bacteria Synechococcus and Synecho-
cystis.

The relBE locus of P307. We showed recently that the en-
teropathogenic plasmid P307 of E. coli codes for a TA locus
that is homologous to relBE of E. coli K-12 (30). Here, further
relBE loci were identified on plasmids from E. coli (pB171),
Plesiomonas shigelloides (belongs to the family Vibrionaceae),
Acetobacter europaeus (pJK21) and Butyrivibrio fibrisolvens
(pRJF2) (see Fig. 2 and 3). As mentioned above, the pasAB
genes from T. ferrooxidans also belong to the relBE family. The
plasmid-encoded relBE loci are discussed below.

CHROMOSOME-ENCODED TA LOCI

The relBE loci constitute a large gene family in prokaryotes.
Unexpectedly, we found recently that the two first cistrons of
the relBEF operon of E. coli K-12 encode a TA locus (29).
Furthermore, the E. coli plasmid P307 encodes a locus that is
homologous with relBE of E. coli K-12 and which stabilizes
mini-P307 replicons (30). The properties of these two relBE
loci are strikingly similar: the relE genes encode cytotoxins
whose lethal effect is counteracted by relB-encoded antitoxins;
the antitoxins are degraded by Lon; the antitoxins repress
transcription of the operons, presumably via binding to the
cognate promoter regions, and the toxins act as corepressors,
such that the promoters are very efficiently repressed during
steady-state cell growth. The relBE promoters are very strong,
and the degree of repression, presumably caused by binding of
the RelBE complexes to the promoter regions, is in both cases
on the order of 3 magnitudes. Because of these striking simi-
larities, we also tested if the chromosomal relBE locus could
mediate plasmid stabilization. This was indeed the case, and
the fold stabilization was similar to that mediated by relBE of
P307 (i.e., fourfold) (29, 30). Thus, although encoded by the
chromosome, the relBE locus of E. coli appears to stabilize
plasmids by PSK.

The third gene of the E. coli relBEF operon (also called
hokD) codes for a cytotoxin that belongs to the Hok family of
proteins (25, 26, 73). The function of relF/hokD is not known,

but the relF/hokD cistron is not translated during steady-state
cell growth and does not contribute to plasmid stabilization
(29).

In a screening for plasmid stabilization cassettes, Finbarr
Hayes identified a second plasmid-encoded relBE-homologous
locus on the Morganella morganii plasmid R485 (denoted
stbDE) (32). It is reasonable to suggest that the plasmid stabi-
lization phenotype mediated by stbDE/relBER485 is a conse-
quence of PSK. Curiously, the N-terminal two-thirds of the
StbD/RelB protein of R485 exhibits similarity with E. coli
DnaT protein. The significance of this is not known but may
give a hint in the search for host-encoded interaction partners.

Using BLAST (2), I searched the entire DNA databases for
homologues of the cytotoxins RelE, PemK/Kid, CcdB, Doc,
and ParE (see below). Only toxin genes with a closely linked
upstream antitoxin gene were included in the compilations
described below. A small number of toxin homologues without
such a closely linked putative antitoxin-encoding gene were
identified. In principle, a partner antitoxin could be encoded
anywhere on a chromosome, but the low degree of similarity
between the antitoxins makes their identification by homology
searches difficult. To simplify the analyses, toxin homologues
without a linked antitoxin partner gene were discarded. To
cover the whole spectrum of possible positive scores, every new
toxin included in a gene family was used in a new round of
searches in the databases.

At the time of writing, 27 TA loci belonging to the relBE
gene family were identified. An alignment of the RelE toxin
sequences is shown in Fig. 2, and their properties are listed in
Table 2. Sixteen of the 27 relBE loci are from gram-negative
bacteria, 5 are from gram-positive bacteria, and most surpris-
ingly, 6 are from the Archaea domain. The RelE proteins are
small and basic, with pIs of approximately 10, except for RelE
from H. influenzae (Table 2). In contrast, all partner antitoxins
are acidic except for the two homologues from Helicobacter
pylori (Table 3), consistent with the proposal that the toxins
and antitoxins interact physically. The RelB homologues are
quite diverse, and a global alignment of all sequences did not
yield meaningful information. The alignment of the subgroups
of RelB homologues will be presented elsewhere.

In contrast, even though the RelE proteins are quite diverse,
they show significant similarities as revealed by the alignment
in Fig. 2: 120 is positive (Arg or Lys), 182 is an invariable Arg
(except for Lys in one case), and 1112 is also a positively
charged amino acid. Hence, the evolutionary kinship of the
RelE proteins is clear. Furthermore, the asserted relationship
is strongly supported by the fact that all genes encoding the
RelE proteins (Fig. 2) have closely linked relB genes (Table 3).
However, the sequence alignment shows that the RelE pro-
teins are surprisingly diverse, given that their overall charac-
teristics are conserved, as indicated by invariant sizes and pIs
(Table 3) and similar genetic contexts. The interesting question
of whether the RelE homologues have common cellular targets
awaits further experiments, but preliminary analyses indicate
that this is true at least in some cases.

The genetic organization of the relBE loci from these very
diverse organisms are strikingly similar and concur with the
general structure shown in Fig. 1A: putative promoter ele-
ments are present upstream of the relB homologs, the relB and
relE reading frames are in all cases closely linked, and in many
cases the stop codon of relB overlaps with the first one or two
codons of relE. Such close linkage of the relB and relE genes
may indicate translational coupling. This conjecture is consis-
tent with the finding that the relE genes from E. coli K-12 and
P307 are expressed at considerably lower levels than those of
the cognate relB partner genes (29, 30).
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FIG. 2. Multiple-sequence alignment of 27 RelE proteins from gram-negative and gram-positive bacteria and from archaea. Only RelE proteins with an upstream
RelB partner were included in the alignment shown. The characteristics of the corresponding RelB partner proteins are listed in Table 3. Positively charged amino acids
are shown in red, and negatively charged amino acids are shown in black. Note the conserved arginine at 182, and the positively charged amino acid at 1112 (lysine
or arginine). The primary alignment were accomplished by using the Wisconsin GCG package version 8.1.0(a). The multiple-sequence alignment file (msf) was
transferred to ClustalX, and the final alignment was edited by eye, using the program Genedoc. The different species and plasmids from which the RelE homologues
were derived are indicated by the following letters and numbers after the RelE- suffix: HP1 and HP2, H. pylori homologues 1 and 2, respectively; BF, B. fibrisolvens
plasmid pRJF2; SP1, S. pneumoniae homologue 1; AE, A. europaeus plasmid pJK21; SOS, E. coli K-12 homologue 2; HI, H. influenzae; AF3, A. fulgidus homologue
3; St, S. enterica serovar Typhi; pPS, P. shigelloides plasmid; K12, E. coli K-12 homologue 1; MM, M. morganii plasmid R485; P307, E. coli plasmid P307; pB171, E. coli
plasmid pB171; VC, V. cholerae; AF1, A. fulgidus homologue 1; MJ1, M. jannaschii homologue 1; Pyr, P. horikoshii OT3; AF2, A. fulgidus homologue 2; BT, B.
thuringiensis; MT1 and MT2, M. tuberculosis homologues 1 and 2, respectively; TF, T. ferrooxidans plasmid TF-CF2, AQ, A. aeolicus; AF4, A. fulgidus homologue 4. For
simplicity, the irregular RelE homologue of Synechocystis (120 amino acids) was omitted from the alignment. After completion of the database searches, RelE
homologues in the unfinished genomes of Salmonella enterica serovars Typhimurium and Paratyphi and Klebsiella pneumoniae were identified. Gaps introduced to
maximize alignment are indicated by the dashes.
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Figure 3 shows a phylogram deduced from the 27 RelE
protein sequences. This calculation revealed four major RelE
groups: (i) RelE proteins from enteric bacteria or closely re-
lated bacteria, (ii) RelEs from other gram-negative bacteria
also including one member from Streptococcus pneumoniae
and one member from Archaeoglobus fulgidus, (iii) RelEs from
gram-positive bacteria, including two homologues from gram-
negative bacteria, and finally (iv) one group from Archaea
which includes a homologue from Bacillus thuringiensis. Two
homologues did not fit into any of the four groups (RelEs from
Synechocystis and A. fulgidus homologue 4).

This grouping is largely consistent with the evolutionary
division of prokaryotic organisms based on 16S rRNA se-
quences. Furthermore, the evolutionary relationship within the
subgroups agrees well with the evolutionary grouping of the
corresponding organisms (Fig. 3). However, the significant
number of exceptions to regular grouping could reflect lateral
gene transfer. Lateral interkingdom gene transfer is consistent
with the finding that the deep-branching members of the do-
main Bacteria such as Aquifex aeolicus and Thermotoga mari-

tima contain many genes like archaeal genes (16 and 24%,
respectively) (61). Alternatively, irregular grouping of the ho-
mologues could reflect statistical fluctuations caused by the
small size of the RelE proteins, rather than a true evolutionary
relationship.

One striking finding is that several chromosomes contain
two or more relBE homologues (paralogues). The complex
relationship between multiple paralogues and orthologues as
described by Tatusov et al. (89) is not considered here. However,
E. coli K-12 contains two relBE paralogues called relBEK12 and
relBESOS here (Table 2). Genes relBESOS were previously iden-
tified as dinJ and yafQ, respectively (8, 48). The promoter
upstream of dinJ was mapped and contains a known LexA
binding site at a proper location (48). Thus, transcription of
relBESOS may be induced during the SOS response and be part
of the stress response elicited by DNA damage. E. coli contains
a third relB homologue called yafN (8). yafN has no apparent
downstream relE homologue. The genome of Salmonella typhi
contains two relE homologues, but only one of them has a
closely linked upstream relB gene (relESt1 in Fig. 2). The gram-
positive organism S. pneumoniae contains two complete relBE
homologues, and the relatively small chromosome of the ar-

TABLE 2. relE homologues

Bacterial species relE
genea

Characteristic of the
RelE protein

No.
of aa

Molecular
mass (kDa)b pIb

Gram-negative bacteria
E. coli K-12 relEK-12 95 11.2 9.7
E. coli K-12 relESOS

c 92 10.8 9.5
E. coli plasmid P307 relEP307 95 11.2 9.9
E. coli plasmid pB171 relEpB171 95 11.1 10.7
Salmonella enteria serovar

Typhi
relEStyphi1 94 10.9 10.4

P. shigelloides plasmid p11184 relEPs 94 11.2 10.7
Haemophilus influenzae relEHi 102 11.9 6.7
Vibrio cholerae relEVc 96 11.2 9.9
Helicobacter pylori relEHp1 88 10.4 7.9
H. pylori relEHp2 90 10.4 10.2
Butyrivibrio fibrisolvens relEBf 93 11.0 9.7
Acetobacter europaeus relEAe 93 10.9 10.0
Morganella morganii relEMm 93 11.0 10.9
Thiobacillus ferrooxidans relETf 90 10.3 10.8
Aquifex aeolicusd relEAq 89 10.4 10.8
Synechosystisd relESy 120 13.7 7.9

Gram-positive bacteria
Bacillus thuringiensis relEBt 74 8.6 9.7
Mycobacterium tuberculosis relEMt1 87 10.2 11.0
M. tuberculosis relEMt2 97 11.1 9.5
Streptococcus pneumoniae relESp1 92 10.9 10.3
S. pneumoniae relESp2 87 10.4 11.1

Archaea
Methanococcus jannaschii relEMj1 90 11.0 10.2
Archaeoglobus fulgidus relEAf1 87 10.6 10.3
A. fulgidus relEAf2 92 11.0 9.9
A. fulgidus relEAf3 85 10.0 10.0
A. fulgidus relEAf4 86 10.2 9.9
P. horikoshii OT3 relEPyr 90 10.9 10.9

a Subscripts refer to the species in which the relE genes were identified (see the
species shown in the leftmost column).

b Molecular masses and isoelectric points were calculated by using the Wis-
consin GCG package.

c The relBESOS locus (dinJ - yafQ) of E. coli K-12 contains a LexA binding site
in the promoter region, thus belonging to the SOS regulon (48).

d For clarity, A. aeolicus and Synechosystis were grouped with the gram-nega-
tive bacteria.

TABLE 3. relB homologues

Bacterial species relB
genea

Characteristic of the RelB
protein

No.
of aa

Molecular
mass (kDa)b pIb

Gram-negative bacteria
E. coli K-12 relBK-12 79 9.1 4.8
E. coli K-12 relBSOS

c 86 9.4 5.2
E. coli plasmid P307 relBP307 83 9.2 4.4
E. coli plasmid pB171 relBpB171 83 9.2 4.1
S. enterica serovar Typhi relBSt1 80 9.0 5.2
P. shigelloides plasmid

p11184
relBPs 83 9.2 4.1

H. influenzae relBHi 98 11.0 4.7
V. cholerae relBVc 82 8.9 4.4
H. pylori relBHp1 95 11.4 9.8
H. pylori relBHp2 95 11.4 10.6
B. fibrisolvens relBBf 83 9.6 6.6
A. europaeus relBAe 87 9.5 4.6
M. morganii relBMm 83 9.2 4.3
T. ferrooxidans relBTf 74 8.5 4.7
A. aeolicus relBAq 80 9.3 5.4
Synechosystis relBSy 86 9.9 4.7

Gram-positive bacteria
B. thuringiensis relBBt 85 10.1 4.5
M. tuberculosis relBMt1 93 10.2 4.6
M. tuberculosis relBMt2 89 9.8 5.1
S. pneumoniae relBSp1 87 10.0 4.4
S. pneumoniae relBSp2 80 9.2 4.2

Archaea
M. jannaschii relBMj1 82 9.6 4.5
A. fulgidus relBAf1 65 7.8 4.8
A. fulgidus relBAf2 62 7.4 4.3
A. fulgidus relBAf3 72 8.5 4.5
A. fulgidus relBAf4 57 6.7 4.1
P. horikoshii OT3 relBPyr 67 8.0 3.8

a Subscripts refer to the species in which the relB genes were identified (see the
species shown in the leftmost column).

b Molecular masses and isoelectric points were calculated by using the Wis-
consin GCG package.

c The relBESOS system of E. coli K-12 contains a LexA binding site in the
promoter region and may belong to the SOS regulon (48).
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chaeon Archaeoglobus fulgidus contains four relBE homo-
logues. The reason for this apparent redundancy is not known.
Of the 27 relBE homologues described here, seven are located
on plasmids from gram-negative bacteria. However, the ma-
jority of the relBE genes are located on prokaryotic chromo-
somes, arguing for functions other than plasmid stabilization
by PSK (discussed below). Two of the chromosomal relBE loci
are located on mobile genetic elements: relBE of V. cholerae is
located within a mega-integron (15, 21, 54), and relBE of B.
thuringiensis is located on transposon Tn504 (4). The localiza-
tion of relBE genes on mobile genetic elements such as plas-
mids and transposable elements may increase their horizontal
spread and may also accelerate their rate of evolution.

Prokaryotic cells respond rapidly and efficiently to stress
situations such as amino acid or carbon source starvation by
altering gene expression such that the harsh environmental
conditions can be efficiently coped with. Carbon source star-
vation of E. coli cells leads to altered expression rates of a large
number of genes (12, 62), and amino acid starvation leads to
arrest of synthesis of stable RNA (rRNA and tRNA). This
so-called stringent response is elicited by the increased rate of
synthesis of the alarmone (p)ppGpp. In this case, (p)ppGpp
synthesis is due to activated RelA protein (12). RelA, also
called (p)ppGpp synthetase I, is activated by binding of un-
charged tRNA to vacant ribosomal A-sites, and RelA-deficient
cells fail to accumulate (p)ppGpp during amino acid starvation

and other carbon source limitations. Consequently, such cells
do not shut down stable RNA synthesis after amino acid star-
vation (12) and are said to have a relaxed phenotype with
respect to stable RNA synthesis. During the induction of the
stringent response, many proteins exhibit a reduced rate of
synthesis. However, the reverse is also true: a large number of
proteins exhibit an increased rate of synthesis (12). Among the
latter are enzymes encoded by the amino acid synthetic oper-
ons. This makes sense, since the cells try to ameliorate the lack
of amino acids. Lon and perhaps other cellular proteases are
also activated during the stringent response (12, 14). This also
makes sense, since endogenous building blocks must be gen-
erated for de novo protein synthesis.

The E. coli relB gene was discovered in a screen for muta-
tions that abolish the stringent response without affecting the
relA gene. Three different selection procedures were devised,
and they all resulted in point mutations in the relB gene. The
mutations yielded a phenotype called the delayed relaxed re-
sponse (18, 44, 45, 59, 60). Delayed relaxed cells resume syn-
thesis of stable RNA approximately 10 min after the onset of
amino acid starvation. This is in contrast to relaxed mutants
(defective in relA) in which stable RNA synthesis continues
after amino acid starvation without any lag. Cells exhibiting the
delayed relaxed phenotype contain point mutations in relB that
partially inactivate RelB protein (5). The relB mutants were
found to recover very slowly after amino acid starvation in that
virtually no growth took place for about 3 h after release from
amino acid starvation. This inhibition of cell growth was at-
tributed to the accumulation of a factor, most probably a pro-
tein that inhibited translation (45). The molecular basis of the
delayed relaxed response is not yet understood. However, from
indirect experiments, Bech et al. (5) suggested that relB did not
encode the translational inhibitor itself but rather a negative
regulator of the inhibitor. Recently, we proposed that this
protein synthesis inhibitor might be RelE, since that would
provide a reasonable explanation for the delayed relaxed re-
sponse exhibited by relB mutants: after amino acid starvation,
the reduced activity of antagonist RelB would lead to activa-
tion of RelE. If RelE were to inhibit translation, this postu-
lated inhibition, in turn, would lead to a reduced drain on
tRNA and thereby reduce the number of vacant ribosomal
A-sites bound to uncharged tRNA. Consequently, such cells
would shut down (p)ppGpp synthetase I and resumption of
stable RNA synthesis would follow and thereby elicit the de-
layed relaxed response (29). At present, we do not exclude
other explanations for the delayed relaxed response. However,
the clear effect on the stringent response suggests that the
function of the E. coli relBE locus is to protect the cells from
detrimental effects of stress rather than being suicide modules.

The chp loci constitute a novel gene family in the domain
Bacteria. DNA sequence analyses revealed that E. coli K-12
contains two loci (chpA and chpB) that are homologous to
pem/parD of R100/R1 (52, 55). The chpA locus encodes two
polypeptides, ChpAI and ChpAK, that are structurally and
functionally similar to PemI/Kis and PemK/Kid of R100/R1,
respectively. The chpA locus, which is located downstream of
and adjacent to the relA gene, has also been called mazEF (1,
55). The chpB locus at 100 min on the E. coli K-12 chromo-
some encodes ChpBI and ChpBK (I for inhibitor; K for cell
killing) that are also structurally and functionally related to the
proteins encoded by the pem/parD locus. In both cases, it has
been shown that the toxin homologues are toxic and that the
upstream partners are antitoxic (1, 52). Deletion of the two chp
loci, either alone or in combination, had no apparent effect on
cell growth or viability (52, 53). Curiously, high concentrations
of the ChpAI (MazE) and ChpBI antitoxins counteract PemK/

FIG. 3. Chladogram (unrooted evolutionary tree) of RelE homologues in
prokaryotes. The tree was calculated by PILEUP in the Wisconsin GCG package
version 8.1.0(a). The aligned sequences shown in Fig. 2 were used as input. The
lengths of horizontal lines indicate relative evolutionary distances, whereas the
lengths of the vertical bars are arbitrary. The gram-negative bacterial species are
shown in blue, the gram-positive bacterial species are shown in red, and the
archaeal species are shown in green. For clarity, the deep-branching organism
Aquifex aeolicus was grouped with the gram-negative bacteria.
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Kid-mediated cell killing, indicating that there is cross talk
between plasmid- and chromosome-encoded components of
the TA loci (79, 80).

Evidence was obtained that MazE (ChpAI) and MazF
(ChpAK) interact physically and that the antitoxin MazE is
degraded by ClpAP in vivo (1). These researchers further sug-
gested that the toxic effect of MazF is induced during the
stringent response. This conjecture was based on the observa-
tion that the mazEF promoter was inhibited during (p)ppGpp
overproduction via induction of a truncated RelA protein
(RelA*), which synthesizes (p)ppGpp without the requirement
for vacant ribosomal A-sites, combined with the observation
that induction of (p)ppGpp synthesis at 42°C (but not at lower
temperatures) resulted in mazEF-dependent cell death. The
researchers reasoned that the induction of cell killing was
consistent with the finding that the mazEF promoter was in-
hibited by (p)ppGpp, since that would lead to arrest of syn-
thesis of mazEF mRNA, depletion of MazE antitoxin, and
consequently, activation of MazF toxin. In many respects, over-
production of (p)ppGpp via overproduction of RelA* mimics
the stringent response and has the advantage that the cells can
be investigated without the need for carbon source or amino
acid limitation (12). However, such artificial induction of (p)p-
pGpp synthesis is inevitably prone to result in erroneous con-
clusions if results from other ways of inducing stringent star-
vation are not contemplated as well (12). Using the same strain
(MC4100) and growth conditions (media, temperature), my
lab has not been able to reproduce the results reported by
Aizenman et al. (1), and we do not observe cell killing during
stringent starvation at 37°C (induced by the addition of serine
hydroxamate or valine to growing cells). A complicating factor
is that strain MC4100, which Aizenman et al. (1) used, carries
the relA1 allele (an IS2 element between codons 85 and 86 of
relA). How could the postulated programmed cell death or
altruistic suicide during carbon source limitation be an advan-
tage for a bacterial population? As argued by Nyström (65),
such behavior would be detrimental to cells encountering stasis
at low cell densities. Thus, to accommodate a reasonably real-
istic altruistic suicide theory, one has to postulate a regulatory
network signaling cell density to the TA systems (e.g., by quo-
rum sensing).

By database searching (BLAST), additional pem/chp/mazEF
loci were identified (Fig. 4). Only toxins with a closely linked
putative antitoxin-encoding gene were included in the align-
ment shown in Fig. 4. A new pem (parD)-homologous locus
was identified on the enterobacterial plasmid R466B. Further-
more, chromosomal chp (mazEF) loci were identified in the
gram-negative organism T. ferrooxidans and in the gram-posi-
tive organisms Bacillus subtilis (one complete TA locus and a
ChpK toxin gene without an obvious partner), Enterococcus
faecalis (three complete TA loci), M. tuberculosis (two loci),
Staphylococcus aureus (one locus), Deinococcus radiodurans
(two loci), and Pediococcus acidilactici (one locus). No ChpK
homologues were identified in Archaea. Figure 4 shows an
alignment of the putative 15 homologous ChpK proteins with
upstream partners. As seen, the proteins are quite diverse yet
clearly related. Their N termini contain conserved proline
(136 and 148) and arginine (147) residues.

A chladogram of the ChpK homologues is shown in Fig. 5.
The distribution of the homologues into two major groups is
consistent with the division of bacteria into gram-negative and
gram-positive bacteria (Fig. 5). One of the two ChpK homo-
logues of D. radiodurans appears to be more closely related to
the gram-negative group than to the gram-positive group. As in
the case of the RelE homologues, the presence of such a large
number of chromosomal chp-homologous loci points to func-

tions other than plasmid stabilization by PSK. The cellular
target(s) of the ChpK proteins is not yet known. However, the
database analyses presented here show that TA systems are
surprisingly abundant in prokaryotic organisms.

Functions of the chromosome-encoded TA loci: cell killing
functions or stress response elements? The specific molecular
targets of the toxins are known in only two cases. CcdB inhibits
DNA gyrase, and PemK/Kid inhibits DNA replication, pre-
sumably via interaction with DnaB helicase (7, 77). The RelE
proteins of E. coli K-12 and P307 presumably inhibit transla-
tion (29, 30), but their specific target(s) within the translation
machinery is not yet known. It is reasonable to assume that at
least some of the other RelE and ChpK proteins have similar,
if not identical, cellular targets. Thus, in some or even many of
the cases of the two largest TA gene families of toxins, RelE
and ChpK, activation of the toxins may mediate inhibition of
translation and DNA replication, respectively. What is com-
mon to these two processes? Clearly, both translation and
DNA replication are highly expensive for the cell in terms of
energy consumption (in the form of ATP). Thus, I note here
the possibility that the chromosomal TA loci may be part of the
global cellular response to environmental stress such as amino
acid and/or glucose limitation, rather than being cell-killing
modules. According to this hypothesis, the main function of
the TA loci is to regulate the synthesis of macromolecules (i.e.,
proteins and DNA) at rates compatible with the external sup-
ply of nutrients. Thus, activation of RelE would reduce the rate
of translation, while activation of ChpK would reduce the rate
of replication, thus saving energy and/or building blocks vital
for maintenance functions (64). Conceptually, this is very sim-
ilar to the way (p)ppGpp works: starvation for amino acids or
carbon source limitation provokes (p)ppGpp-dependent inhi-
bition of transcription (inhibition of stable RNA promoters
and reduced elongation rates) and thereby the shutdown of
rRNA synthesis. In turn, this has an indirect effect on the rate
of translation. It has also been suggested that (p)ppGpp might
have a direct effect on translation in vivo (reference 86 and
unpublished observations). However, it has not been possible
to inhibit translation in vitro by the addition of (p)ppGpp.
Thus, a primary function of (p)ppGpp is probably to inhibit
transcription immediately after a nutritional downshift. After a
shift to amino acid or carbon source starvation, translation
continues at a high rate for a short period (5 to 10 min) before
the new poststimulus steady-state level is reached (86). Clearly,
the cell needs to respond rapidly and to regulate coordinately
the rates of macromolecular synthesis during nutritional shift
scenarios such that one parameter of macromolecular synthe-
sis does not run wild. A simple and testable hypothesis then is
that the toxins of the TA loci are induced after amino acid and
glucose starvation and coordinately reduce DNA replication
and translation, while accumulation of (p)ppGpp reduces tran-
scription. Hence, as an alternative to the altruistic suicide the-
ory proposed by Aizenman and coworkers (1), I suggest here
the possibility that the TA loci are beneficial to cell survival by
being part of the global stress response. My lab is currently
testing this compelling hypothesis. If this hypothesis is true,
why have the TA loci been mainly described as plasmid stabi-
lization cassettes? Plasmids have been used extensively as
model systems, and many of their components have been stud-
ied in detail. One explanation is that the PSK phenotype elic-
ited by the plasmid-encoded TA loci is a fortuitous conse-
quence of their genetic setup. However, it is also obvious that
plasmids do evolve mechanisms that lead to their genetic sta-
bilization, such as the efficient centromere systems found in F,
P1, and R1. It is possible that the TA loci in parallel with their
effect on cell metabolism provide an advantage to plasmids,
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FIG. 4. Multiple-sequence alignment of 15 ChpK proteins from gram-negative and gram-positive bacteria. Only ChpK proteins with identified putative antitoxin
partners were included in the alignment shown. Amino acids with .80% conservation are shown by the black background. Note the fully conserved proline at position
37 and the fully conserved RP motif at positions 147 and 148. The different species and plasmids from which the ChpK (or PemK) homologues were derived are
indicated by the following letters and numbers after the ChpK- (or PemK-) suffix: Dr2, D. radiodurans homologue 2; Mt1, M. tuberculosis homologue 1; Bsu1, B. subtilis
homologue 1; Sa, S. aureus; Ef and Ef2, E. faecalis homologues 1 and 2, respectively; Mt2, M. tuberculosis homologue 2; Ef3, E. faecalis homologue 3; Pa, P. acidilactici;
Dr1, D. radiodurans homologue 1; Tf, T. ferrooxidans; K12, E. coli K-12; R466B, M. morganii plasmid R446B. Gaps introduced to maximize alignment are indicated
by the dashes.

VOL. 182, 2000 MINIREVIEW 569



either as stabilization cassettes or as stress response modules
that increase host survival or both. Furthermore, TA loci may
exploit plasmids (and transposable genetic elements) as vehi-
cles for their rapid transfer and evolution.

The widespread occurrence of the relE and pem/parD/chp
loci stands in contrast to the much narrower occurrence of ccd,
which is present only on F and closely related plasmids. Al-
though somewhat speculative, the tripartite physiological stress
response hypothesis described above (i.e., inhibition of repli-
cation, transcription, and translation during severe stress) may
reflect the contour of how evolution works: Since the target of
CcdB is DNA gyrase and that of PemK/Kid/ChpK is DNA
helicase, both toxins inhibit DNA replication. Thus, if the
stress response theory is valid, then ccd and chp affect the same
cellular parameter and are thus complementing each other. In
other words, cells equipped with a chp locus might not obtain
a high advantage by acquiring a ccd-like system and visa versa.
The prevalence of chp loci as compared to ccd may indicate
that chp is for some reason more advantageous and therefore
has had a higher degree of evolutionary success. Another ques-
tion relates to the abundant presence of relBE loci in Archaea,
whereas none of the other TA systems have been identified in
that domain. This suggests that the target of the RelE toxins is
evolutionarily better conserved than those of the other toxins.
It will be interesting to learn if RelE homologues from Archaea
are active in E. coli and visa versa.

Concluding remarks. In this minireview, I have presented
data showing that the loci known as plasmid addiction modules

or proteic plasmid stabilization systems are much more abun-
dant than recognized previously. The presence of the TA loci
on prokaryotic chromosomes, often in multiple copies, points
to functions other than plasmid stabilization by PSK. Based on
some indirect evidence and some logical speculation, I find it
reasonable to suggest that the TA loci are beneficial to host
cells, perhaps by functioning as stress response elements. If this
is true, this idea may change the way TA loci are analyzed in
the future.
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