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Chromosomal Rearrangements in Salmonella enterica Serovar Typhi
Strains Isolated from Asymptomatic Human Carriers

T. David Matthews,a Wolfgang Rabsch,b and Stanley Maloya

Center for Microbial Sciences, Department of Biology, San Diego State University, San Diego, California, USA,a and Division of Bacterial Infections and National Reference
Centre for Salmonella and other Bacterial Enteric Pathogens, Robert Koch-Institute, Wernigerode Branch, Wernigerode, Germanyb

ABSTRACT Host-specific serovars of Salmonella enterica often have large-scale chromosomal rearrangements that occur by re-
combination between rrn operons. Two hypotheses have been proposed to explain these rearrangements: (i) replichore imbal-
ance from horizontal gene transfer drives the rearrangements to restore balance, or (ii) the rearrangements are a consequence of
the host-specific lifestyle. Although recent evidence has refuted the replichore balance hypothesis, there has been no direct evi-
dence for the lifestyle hypothesis. To test this hypothesis, we determined the rrn arrangement type for 20 Salmonella enterica
serovar Typhi strains obtained from human carriers at periodic intervals over multiple years. These strains were also phage
typed and analyzed for rearrangements that occurred over long-term storage versus routine culturing. Strains isolated from the
same carrier at different time points often exhibited different arrangement types. Furthermore, colonies isolated directly from
the Dorset egg slants used to store the strains also had different arrangement types. In contrast, colonies that were repeatedly
cultured always had the same arrangement type. Estimated replichore balance of isolated strains did not improve over time, and
some of the rearrangements resulted in decreased replicore balance. Our results support the hypothesis that the restricted life-
style of host-specific Salmonella is responsible for the frequent chromosomal rearrangements in these serovars.

IMPORTANCE Although it was previously thought that bacterial chromosomes were stable, comparative genomics has demon-
strated that bacterial chromosomes are dynamic, undergoing rearrangements that change the order and expression of genes.
While most Salmonella strains have a conserved chromosomal arrangement type, rearrangements are very common in host-
specific Salmonella strains. This study suggests that chromosome rearrangements in the host-specific Salmonella enterica sero-
var Typhi, the causal agent of typhoid fever, occur within the human host over time. The results also indicate that rearrange-
ments can occur during long-term maintenance on laboratory medium. Although these genetic changes do not limit survival
under slow-growth conditions, they may limit the survival of Salmonella Typhi in other environments, as predicted for the role
of pseudogenes and genome reduction in niche-restricted bacteria.
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Most of the ~2,600 serovars of Salmonella enterica can infect a
variety of animal species, leading to pathologies ranging

from a self-resolving gastroenteritis to a life-threatening systemic
infection, depending on the particular serovar-host interaction (1,
2). For instance, infection of mice with S. enterica serovar Typhi-
murium causes a systemic disease that is often lethal, but ingestion
of Salmonella Typhimurium by humans typically results in gastro-
enteritis that usually self-resolves within weeks. In contrast to
these broad-host-range S. enterica serovars (generalists), a small
number of serovars are either host adapted or host specific. Host-
adapted serovars are capable of infecting various animal species
but commonly infect a preferred host. For example, S. enterica
serovar Choleraesuis primarily infects swine, but can also cause
bacteremia in humans. Host-specific serovars such as the fowl-
specific S. enterica serovars Pullorum and Typhi, the etiological
agent of typhoid fever in humans, only cause disease in one species
or closely related species. Even within a serovar, strains may differ

in host range. Variants of Salmonella serovar Typhimurium that
have been host adapted to pigeons for decades have unique char-
acteristics and belong to specific phage types (3).

The genomes of a number of generalist and host-specific sero-
vars have been sequenced (4–11). A comparative analysis indi-
cates that housekeeping genes are �96% identical and the major
pathogenicity islands are shared between serovars (12). Genetic
differences between serovars, as well as strains within the same
serovar, include indels and various repertoires of Salmonella
pathogenicity islands (SPIs) and prophages. While these genetic
differences can affect the virulence of a strain (13–17), they do not
affect host specificity. The greater number of pseudogenes present
in host-specific strains indicates that, compared to generalist
strains, host-specific strains are under less-stringent selection for a
variety of genetic functions (5, 8–10). This suggests that as they
become restricted to their specific host, these Salmonella serovars
begin to undergo genome reduction (8), an evolutionary process
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observed in other niche-restricted bacteria such as the obligate
endosymbiont Buchnera aphidicola (18–24).

Chromosomal rearrangements can occur by recombination
between multiple copies of sequences, such as insertion (IS) ele-
ments and rRNA (rrn) operons. These rearrangements are com-
mon in host-specific Salmonella and other niche-restricted bacte-
ria (18, 23, 25–28), suggesting they are associated with the
evolution of bacterial pathogens (20, 21, 23, 29, 30). These rrn
rearrangements result in inversions, translocations, duplications,
or deletions of regions of the genome of various sizes. Most host-
specific Salmonella serovars have chromosomal rearrangements
that occur by recombination between the seven chromosomal
copies of rrn (29, 31–35). In contrast, generalist serovars almost
always have a common rrn arrangement (35, 36), the “conserved”
arrangement type designated 1234567 (Fig. 1). While both gener-
alist and host-specific serovars undergo rrn rearrangements at
similar frequencies in vitro (37), rearrangements in generalist
strains of Salmonella are rare, but have been found in Salmonella
Typhimurium strains stored in stab vials for decades (38) and in
pigeon-adapted Salmonella Typhimurium strains (39). Recombi-
nation events either invert or levitate/translocate the chromo-
somal regions between the rrn operons, resulting in reordering of
the regions. Of the 1,440 possible arrangements, only 32 have been
observed in the ~150 Salmonella Typhi strains analyzed to date
(26, 31, 33–35, 37), suggesting that there are selective forces that
handicap certain arrangement types.

One hypothesis to explain why rrn rearrangements occur in host-
specific S. enterica serovars proposes that horizontal gene transfer
events, such as transfer of phages or SPIs, made one replichore longer
than the other (replichores are the chromosomal halves on either side
of the ori-dif axis), and the insertion event caused an imbalance in
DNA replication between the two replichores, stimulating chromo-
somal rearrangements that reestablish balance (29, 31, 33, 34, 40).

However, recent evidence suggests that ran-
dom rrn rearrangements are more likely to
worsen replichore balance, while most nat-
urally occurring rearrangements do not af-
fect replichore balance (26). An alternative
hypothesis suggests that some aspect of the
lifestyle of the host-specific serovars induces
and/or promotes tolerance of the rrn rear-
rangements (33, 37). For example, one life-
style difference is that strains of host-
specific serovars establish a chronic
intracellular carrier state within their ani-
mal host that can persist for months to
years.

In this study, we describe the arrange-
ment types of multiple colonies derived
from 20 Salmonella Typhi strains isolated
over a 23-year period from four asymptom-
atic human carriers who had never been
treated with antibiotics. These strains pro-
vide a rare opportunity to study changes in
chromosome structure of Salmonella Typhi
during long-term infections of human
hosts. After isolation, these strains were
stored on Dorset egg slants at ambient tem-
perature, so the growth of the bacteria was
presumably limited during long-term stor-

age. The replichore balance of each resolved arrangement type was
estimated (26), and growth rates of strains with various replichore
degrees of balance were measured. The results support the hypothesis
that unique aspects of their lifestyle are responsible for the chromo-
somal rearrangements found in host-specific Salmonella serovars.

RESULTS
Chromosome arrangement types. A prediction of the hypothesis
that unique aspects of their lifestyle allows rearrangements to ac-
cumulate in populations of host-specific serovars is that the rear-
rangements occur within the host during long-term infections. To
test this prediction, the rrn arrangement types were determined
for a unique collection of 20 Salmonella Typhi strains that had
been isolated over two decades from four human carriers never
treated with antibiotics. These strains were stored on Dorset egg
slants, and up to seven independent colonies of each strain were
analyzed. Strains isolated from the same carrier but in different
years often had different arrangement types. In addition, colonies
derived from the same slant also had different arrangement types.
At least one colony per carrier contained a tandem duplication of
one of the small rrn regions (region 4, 5, or 6).

The four strains from carrier 1 were isolated between 1981 and
1998. Most colonies of the 1981 and 1998 strains had a transloca-
tion of region 6 into the rrnC operon as well as a symmetrical
inversion of region 1 by recombination between the rrnG and
rrnH operons (Table 1). In contrast, colonies of the 1993 isolate
had arrangement types resulting from interreplichore transloca-
tions of region 4 into rrnD in addition to the region 6 transloca-
tion. Furthermore, two colonies from 1993 as well as all of the
colonies of the 1996 strain contained a second symmetrical inver-
sion via recombination between rrnD and rrnE that switched the
replichore locations of regions 2 and 7.

Six strains were isolated from carrier 2 between 1981 and 1999.

FIG 1 The seven rrn operons are lettered, and chromosomal regions between the operons are num-
bered. The ordering of chromosomal regions starts with the largest region (containing the terminus)
and proceeds clockwise around the chromosome. Recombination between the rrn operons can invert or
translocate the chromosomal regions between the operons as well as form hybrid rrn operons. (A) Conserved
arrangement type 1234567 found in generalist serovars. (B) The arrangement type 1735642 found in Salmo-
nella Typhi Ty2 results from three recombination events (not necessarily in order): (i) recombination be-
tween rrnH and rrnG, which inverts region 1 and forms the hybrid rrnHG and rrnGH operons; (ii) recom-
bination between rrnD and rrnE, which reinverts region 1 to its original orientation and switches the
replichore locations of regions 2 and 7, as well as forming hybrid rrnDE and rrnED operons; and (iii)
recombination between rrnC and rrnA levitates region 4, which then translocates between regions 6 and 2 by
recombining into the hybrid rrnED operon, yielding hybrid rrnEC and rrnAD operons.
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The arrangement types identified in these strains isolated were
more homogenous, with most colonies showing a translocation of
region 6 into rrnC from each of the years they were isolated (Ta-
ble 2). Strains isolated in both 1985 samples as well as in 1994 and
1998 samples also had an inversion of region 1. This inversion was
the only rearrangement found in the single colony analyzed from
1994. One colony from the 1985A strain contained a second asym-
metrical interreplichore inversion between rrnD and rrnB.

Three carrier 3 strains were isolated between 1977 and 1985. All
of the colonies from the three strains contained the two symmet-
rical inversions that switch replichore locations of regions 2 and 7
and leave region 1 in its native orientation (Table 3). Colonies of
the 1983 strain also had a translocation of region 6 into the hybrid
rrnH/G operon between regions 1 and 7.

Seven strains were isolated from carrier 4 between 1976 and
1991. Most carrier 4 strains only had one rearrangement: an in-
version of region 1 (Table 4). This was observed in all colonies
from strains isolated in 1981, 1983, 1987, and 1989 and in four
colonies from the 1976 strain. The three other 1976 colonies as
well as most of the colonies from 1986 also contained the second
symmetrical inversion resulting from recombination between
rrnD and rrnE. Most colonies of the 1991 strain, on the other
hand, contained a second asymmetrical inversion by recombina-
tion between rrnD and rrnC.

Vi phage typing. Numerous phage typing schemes have been
developed to characterize strains of the same Salmonella serovar
based on sensitivity to a set of phages (41). The Vi phage typing
scheme developed by Craigie and Yen has been the traditional
method for typing Salmonella Typhi strains (42, 43) and was the
epidemiological tool of choice for studying outbreaks of typhoid
fever before the advent of modern molecular approaches such as
ribotyping, IS200 typing, and pulsed-field gel electrophoresis
(PFGE) (44–50). The Vi phage typing scheme has been used ex-
tensively to distinguish outbreak strains, determine sources of in-
fection, identify sporadic cases, and track the status of long-term
human carriers. The 20 Salmonella Typhi strains analyzed in this
study were Vi phage typed before long-term storage on Dorset egg
slants and again after their revival. Strains isolated from the same
carrier had the same Vi phage type before and after storage regardless
of the year isolated (see Table S1 in the supplemental material). The
strains from carriers 2 to 4 had defined phage types, while the four
strains from carrier 1 had a noncharacteristic phage pattern (51).
These results show that the established phage types for each strain are
stable and that each carrier acquired Salmonella Typhi during differ-
ent typhoid outbreaks, and they suggest that each carrier was infected
only once because Salmonella Typhi reinfection typically occurs with
strains having other phage types (52, 53).

Rearrangements occur infrequently during culturing. While
it has been demonstrated that rearrangements by rrn recombina-
tion occur infrequently in vitro (37), it remained possible that the
rearrangements observed in this study occurred during routine
culturing of the strains. To determine if rearrangements occurred
during standard culturing conditions, the arrangement types of
three strains each from carriers 1, 2, and 4 and two strains from

TABLE 1 Arrangement types and estimated replichore imbalance of
Salmonella Typhi strains isolated from carrier 1

Yr
isolated

Arrangement
typea

Observed occurrence
(no. of colonies/total)

Estimated
imbalance (°)b

1981 1236457 2/6 3.2 CCW
1=236457 2/6 1.1 CW
1=6234557 1/6 3.4 CW
17543652 1/6 27.5 CCW

1993 1=2643657 3/7 10.5 CCW
1=243657 2/7 9.0 CCW
1743652 1/7 22.8 CCW
17566342 1/7 28.4 CCW

1996 1765432 3/7 37.1 CCW
1763542 1/7 15.8 CCW
17665432 1/7 17.3 CCW
17653442 1/7 21.4 CCW
1745362 1/7 34.0 CCW

1998 1=236574 5/6 1.1 CCW
1475632 1/6 37.1 CCW

a 1=, region 1 is in the inverted orientation.
b CW, clockwise; CCW, counterclockwise.

TABLE 2 Arrangement types and estimated replichore imbalance of
Salmonella Typhi strains isolated from carrier 2

Yr
isolated

Arrangement
typea

Observed occurrence
(no. of colonies/total)

Estimated
imbalance (°)b

1981 12366457 4/6 1.6 CCW
1236457 2/6 3.2 CCW

1985A 1=236457 4/5 1.1 CW
1754362 1/5 34.0 CCW

1985B 1=236457 6/6 1.1 CW
1994 1=234567 1/1 1.1 CW
1998 1=236457 7/7 1.1 CW
1999 1236457 1/1 3.2 CW
a 1=, region 1 is in the inverted orientation.
b CW, clockwise; CCW, counterclockwise.

TABLE 3 Arrangement types and estimated replichore imbalance of
Salmonella Typhi strains isolated from carrier 3

Yr
isolated

Arrangement
type

Observed occurrence
(no. of colonies/total)

Estimated
imbalance (°)a

1977 1736542 3/6 12.7 CCW
17365442 2/6 7.4 CCW
17366542 1/6 11.0 CCW

1983 1673542 6/7 15.8 CCW
16673542 1/7 17.3 CCW

1985 17366542 7/7 11.0 CCW
a CW, clockwise; CCW, counterclockwise.

TABLE 4 Arrangement types and estimated replichore imbalance of
Salmonella Typhi strains isolated from carrier 4

Yr
isolated

Arrangement
typea

Observed occurrence
(no. of colonies/total)

Estimated
imbalance (°)b

1976 1=234567 4/7 1.1 CW
1734562 3/7 12.7 CCW

1981 1=234567 7/7 1.1 CW
1983 1=234567 7/7 1.1 CW
1986 1734562 4/6 12.7 CCW

17345562 1/6 6.9 CCW
1=265347 1/6 13.2 CCW

1987 1=234567 7/7 1.1 CW
1989 1=234567 7/7 1.1 CW
1991 1765432 5/7 37.1 CCW

17356642 1/7 11.0 CCW
1=543267 1/7 33.2 CW

a 1=, region 1 is in the inverted orientation.
b CW, clockwise; CCW, counterclockwise.
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carrier 3 were determined following growth under standard labo-
ratory conditions (Table 5). Frozen stocks were prepared from
single colonies of each strain streaked from the Dorset egg slants.
Subsequently, six single colonies were isolated from the frozen
stocks and were used to inoculate broth cultures for genomic
DNA isolation. All six colonies isolated from each frozen stock had
identical arrangement types, demonstrating that rearrangements
do not occur frequently enough under standard culturing condi-
tions to be detected by the PCR screen. These results agree with
previously published data showing that while strains belonging to
Salmonella serovars Typhi (host specific) and Typhimurium (host
generalist) have similar relative rearrangement frequencies in
vitro, rearrangements occur so rarely that they were never detected
in these strains even after 60 days of restreaking and culturing of
multiple colonies (37).

Estimated replichore balance. We used a “replichore calcula-
tor” (26) to determine the replichore balance of each of the ob-
served arrangement types. While most observed arrangement
types had well-balanced replichores, the observed rearrangements
caused considerable variations in replicore balance between colo-
nies isolated from the same strain and slant (Tables 1 to 4). The
majority of colonies derived from carrier 1 strains isolated in 1981
and 1998 had no more than an imbalance of 3°. Colonies from the
1993 strain were more imbalanced, with one colony having an
arrangement type with an estimated imbalance of 23°. Colonies
derived from the 1996 strain were even more imbalanced because
of a second inversion. In contrast, all of the carrier 2 colonies had
an estimated imbalance of �3°, except for one colony derived
from the 1985A sample that had undergone a second asymmetri-
cal inversion resulting in an estimated imbalance of 34°. Most
colonies derived from the carrier 3 strains had an estimated im-
balance of between 11 and 17°, and more than half contained a
duplication of either region 4 or region 6. In contrast, all of the
colonies derived from the carrier 4 strains isolated in 1981, 1983,
1987, and 1989 and four of seven colonies from the strain isolated
in 1976 were balanced. The other colonies from 1976 as well as
colonies from the 1986 had larger amounts of replichore imbal-
ance (up to 13°), while colonies derived from the 1991 strain had
up to 37° imbalance. These results indicate that rearrangements
drastically increase the imbalance of previously well-balanced ar-
rangement types, and rearrangements do not improve replichore
balance over time.

Growth rates. It has been suggested that chromosomal rear-
rangements and the resulting replichore imbalance may have det-

rimental fitness effects (54–57). To test this idea, the growth rates
of strains isolated from the same carrier but with different ar-
rangement types and degrees of replichore balance were mea-
sured. The arrangement types (and degrees of replichore imbal-
ance) of the strains measured were 16673542 (17.3° imbalance)
and 17366542 (11° imbalance) for the 1983 and 1985 carrier 3
strains, respectively; 1=234567 (1.1° imbalance) for the 1987 and
1989 carrier 4 strains; and 1=543267 (33.2° imbalance) for the 1991
carrier 4 strain. Each of the strains tested had identical growth
rates regardless of the carrier they were isolated from, their ar-
rangement type, or estimated replichore balance. These results
corroborate other evidence (54, 58) that suggests that relative fit-
ness is not adversely affected by chromosomal rearrangements
(including duplications and inversions) that imbalance chromo-
somal replichores up to 50°.

DISCUSSION

The pattern of observed arrangement types, in particular the ar-
rangement types found in the strains from carriers 1 and 4, sug-
gests that rearrangements occurred in vivo over time within the
carrier. Furthermore, the presence of different arrangement types
identified in colonies derived from the same strain/slant implies
that rearrangements also occurred on the slants over time. The
replichore balance estimations showed that rearrangements often
decrease balance and that balance does not improve over time.
Finally, colonies with arrangement types having either tandem or
interreplichore duplications were found in at least one strain from
each carrier. These observations support the hypothesis that as-
pects of lifestyle, not replichore imbalance per se, are responsible
for the multitude of chromosomal rearrangements found in host-
specific Salmonella serovars.

Two explanations for this observation are that the carrier was
originally infected with bacteria having different arrangement
types and that rearrangements occur within the carrier over time.
Although the arrangement types of strains isolated from the same
carrier at different time points varied depending on the carrier,
strains isolated from the same carrier always had the same Vi
phage type, suggesting that strains isolated from the same carrier
were derived from a single infection. These results may be ex-
plained by both the lifestyle of Salmonella Typhi in the carrier state
and how Salmonella Typhi is transmitted from a carrier to a new
human host. Chromosomal rearrangements occur at the same
relatively low frequency in both generalist and host-specific Sal-
monella serovars (37), but do not become fixed within generalist
Salmonella populations because bacteria with inversions are less
fit under certain environmental conditions and thus lost from the
population. However, when in the carrier state, Salmonella Typhi
cells are intracellular and are not under the same types of selective
pressures experienced by generalist Salmonella serovars. In addi-
tion, because Salmonella Typhi is host specific to humans and has
no known environmental reservoir, a genetic bottleneck occurs
during human-to-human transmission. In contrast, the generalist
salmonellae can infect multiple host species and therefore do not
pass through a strict bottleneck during each transmission to a new
host. These stochastic processes may explain how chromosomal
rearrangements become fixed with Salmonella Typhi populations
as well as populations of other host-specific Salmonella serovars.

The replichore balance estimations showed that most common
arrangement types were well balanced (�15° imbalance), and the
estimated degrees of balance of colonies derived from strains iso-

TABLE 5 Arrangement types of cultured colonies isolated from frozen
stocks

Carrier
Yr
isolated

Observed occurrence
(no. of colonies/total)

Arrangement
typea

1 1993 6/6 1=243657
1996 6/6 1763542
1998 6/6 1=236574

2 1994 6/6 1=234567
1998 6/6 1=236457
1999 6/6 1236457

3 1985 6/6 17366542
1983 6/6 16673542

4 1987 6/6 1=234567
1989 6/6 1=234567
1991 6/6 1=543267

a 1=, region 1 is in the inverted orientation.

Matthews et al.

4 ® mbio.asm.org May/June 2011 Volume 2 Issue 3 e00060-11

 
m

bio.asm
.org

 on A
ugust 18, 2011 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


lated during a particular year were similar if not identical. How-
ever, there were notable exceptions. For example, the carrier 1
strains isolated in 1993 and 1996 and the carrier 4 strain isolated in
1991 were estimated to have replichores that are up to 37° imbal-
anced. Other imbalanced arrangement types were relatively rare,
occurring only once within a set of colonies, as in the 1998 strain
from carrier 1 and the first 1985 strain from carrier 2. Replichore
balance did not consistently improve over time but was random,
depending on the strain isolated in a particular year, as clearly
exemplified by strains isolated from carrier 4 (Table 1).

Rearrangements occur infrequently during standard culturing
conditions, as demonstrated by Helm et al. (37) and our observa-
tion that rearrangements did not occur in colonies streaked from
frozen stocks. In contrast, rearrangements occurred during long-
term storage on slants. Rearrangements have also been observed
in Salmonella enterica serovar Typhimurium strains stored for de-
cades in stab cultures (38, 59). Most of these rearrangements were
tandem duplications of region 4, 5, or 6. Such duplications occur
by unequal recombination between rrn operons at frequencies as
high as 10�2 (60). Other rearrangements that changed the order or
inverted the chromosomal regions between rrn operons were ob-
served in colonies derived from long-term storage on agar slants.
While duplications may provide a selective advantage in nutri-
tionally limited environments, such as those found during long-
term storage on stabs or slants (61, 62), other rearrangements
probably do not. Another possibility that explains both types of
rearrangements is that during long-term growth on the slant,
growth is very slow, so selection is relaxed, allowing rearrange-
ments to become fixed within the slant population.

In conclusion, chromosomal rearrangements were observed in
archived slants of Salmonella Typhi strains isolated from human
carriers. The rearrangements occurred over time during carriage
in vivo as well as during storage of the slants. Our results agree with
a previous analysis of multiple Salmonella Typhi strains isolated
from the same outbreaks of typhoid fever in Spain. These strains
also had the same Vi phage type but different arrangement types
(63), and analysis of isolates from an asymptomatic carrier sug-
gested that one arrangement type was derived from the other (48).
These results support the hypothesis that the unique aspects of
lifestyle in the host are responsible for these rearrangements in
Salmonella Typhi and other host-specific Salmonella serovars.

MATERIALS AND METHODS
Strains and growth conditions. The strains used were isolated from fecal
samples taken between 1976 and 1999 from four asymptomatic female
Salmonella Typhi carriers from eastern Germany who had never been
treated with antibiotics. Single-colony isolates were serotyped, Vi phage
typed, and then streaked and stored on Dorset egg slants in a controlled
ambient temperature room at the Robert Koch Institut, Wernigerode,
Germany. Colonies for this study were obtained by streaking swabs from
the slants onto Endo agar (Oxoid, Wesel, Germany) for single-colony
isolation. One colony per slant was phage typed to confirm original re-
sults. Bacteria were routinely cultured on Luria-Bertani (LB) medium at
37°C. Solid LB plates were prepared by adding agar to 1.5% (wt/vol).
Generation times were calculated by growing strains in triplicate at 37°C
with aeration. Readings were taken every 30 min on a Klett-Summerson
colorimeter using a 540-nm filter. Time points in early exponential phase
were used to calculate the generation time by the formula 1/{[log (OD600

at t2) � log (OD600 at t1)]/[0.301 � (t2 � t1)]}, where OD600 is the optical
density at 600 nm and t is the time in hours.

Isolation of chromosomal DNA. Chromosomal DNA was isolated
from overnight cultures by using either the Wizard genomic DNA puri-

fication kit, as described by the manufacturer (Promega, Madison, WI), or
the cetyltrimethylammonium bromide (CTAB)-based bacterial genomic
DNA miniprep protocol described in reference 64.

PCR conditions. Reactions were performed using Platinum Taq high-
fidelity DNA polymerase according to the manufacturer’s instructions
(Invitrogen Corp., Carlsbad, CA). Reaction mixtures were heated to 94°C
for 2 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for
7 min and a final step at 68°C for 7 min. The primer sequences and
combinations for detecting specific rrn combinations were the same as
those described by Helm and Maloy (65). The presence of rrn PCR prod-
ucts was determined by running 10 �l of each reaction mixture out on a
0.8% agarose–1� Tris-borate-EDTA (TBE) gel, followed by detection
using ethidium bromide staining.

PERL script to estimate replichore balance. To estimate replichore
balance, a PERL-based calculator was used (26). The calculator estimated
the replichore balance of each arrangement type from the order of chro-
mosomal regions between the rrn operons and the size of each chromo-
somal region. (The mean length of each region was determined from the
sequenced Salmonella Typhi strains Ty2 and CT18.) The origin of repli-
cation and the dif site were used as the replichore endpoints.

ACKNOWLEDGMENTS

This study originated from a conversation with Abe Eisenstark about
whether Typhoid Mary carried Salmonella Typhi with chromosomal re-
arrangements. We thank Abe Eisenstark, Allen Helm, Anca Segall, and
Elio Schaechter for stimulating discussions and Dagmar Busse, Ute Stutz,
and Sebastian Münch for invaluable technical assistance. We also thank
Elizabeth Dinsdale, Lynn Miesel, Edmundo Calva, and Abe Eisenstark for
critical evaluation of the manuscript.

This work was supported in part by grants 1U54CA132379 and
1U54CA132384 awarded from the National Cancer Institute.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00060-11/-/DCSupplemental.

TABLE S1, PDF file, 0.011 MB.

REFERENCES
1. Guibourdenche M, et al. 2010. Supplement 2003-2007 (no. 47) to the

White-Kauffmann-Le Minor scheme. Res. Microbiol. 161:26 –29.
2. Popoff MY, Le Minor LE. 2005. Salmonella, p 764 –799. In Garrity GM,

(ed), Bergey’s manual of systematic bacteriology, 2nd ed. Springer
Science-Business Media, Inc., New York, NY.

3. Rabsch W, et al. 2002. Salmonella enterica serotype Typhimurium and its
host-adapted variants. Infect. Immun. 70:2249 –2255.

4. Chiu CH, et al. 2005. The genome sequence of Salmonella enterica serovar
Choleraesuis, a highly invasive and resistant zoonotic pathogen. Nucleic
Acids Res. 33:1690 –1698.

5. Deng W, et al. 2003. Comparative genomics of Salmonella enterica sero-
var Typhi strains Ty2 and CT18. J. Bacteriol. 185:2330 –2337.

6. Jarvik T, Smillie C, Groisman EA, Ochman H. 2010. Short-term signa-
tures of evolutionary change in the Salmonella enterica serovar Typhimu-
rium 14028 genome. J. Bacteriol. 192:560 –567.

7. Liu WQ, et al. 2009. Salmonella paratyphi C: genetic divergence from
Salmonella choleraesuis and pathogenic convergence with Salmonella ty-
phi. PLoS One 4:e4510.

8. McClelland M, et al. 2004. Comparison of genome degradation in Para-
typhi A and Typhi, human-restricted serovars of Salmonella enterica that
cause typhoid. Nat. Genet. 36:1268 –1274.

9. McClelland M, et al. 2001. Complete genome sequence of Salmonella
enterica serovar Typhimurium LT2. Nature 413:852– 856.

10. Parkhill J, et al. 2001. Complete genome sequence of a multiple drug
resistant Salmonella enterica serovar Typhi CT18. Nature 413:848 – 852.

11. Thomson NR, et al. 2008. Comparative genome analysis of Salmonella
enteritidis PT4 and Salmonella gallinarum 287/91 provides insights into
evolutionary and host adaptation pathways. Genome Res. 18:1624 –1637.

12. Edwards RA, Olsen GJ, Maloy SR. 2002. Comparative genomics of
closely related salmonellae. Trends Microbiol. 10:94 –99.

Chromosomal Rearrangements in Salmonella Typhi

May/June 2011 Volume 2 Issue 3 e00060-11 ® mbio.asm.org 5

 
m

bio.asm
.org

 on A
ugust 18, 2011 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00060-11/-/DCSupplemental
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00060-11/-/DCSupplemental
mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


13. Figueroa-Bossi N, Bossi L. 1999. Inducible prophages contribute to Sal-
monella virulence in mice. Mol. Microbiol. 33:167–176.

14. Figueroa-Bossi N, Coissac E, Netter P, Bossi L. 1997. Unsuspected
prophage-like elements in Salmonella typhimurium. Mol. Microbiol. 25:
161–173.

15. Figueroa-Bossi N, Uzzau S, Maloriol D, Bossi L. 2001. Variable assort-
ment of prophages provides a transferable repertoire of pathogenic deter-
minants in Salmonella. Mol. Microbiol. 39:260 –271.

16. Ho TD, Slauch JM. 2001. Characterization of grvA, an antivirulence gene
on the Gifsy-2 phage in Salmonella enterica serovar Typhimurium. J. Bac-
teriol. 183:611– 620.

17. Stanley TL, Ellermeier CD, Slauch JM. 2000. Tissue-specific gene expres-
sion identifies a gene in the lysogenic phage Gifsy-1 that affects Salmonella
enterica serovar Typhimurium survival in Peyer’s patches. J. Bacteriol.
182:4406 – 4413.

18. Chain PS, et al. 2004. Insights into the evolution of Yersinia pestis through
whole-genome comparison with Yersinia pseudotuberculosis. Proc. Natl.
Acad. Sci. U. S. A. 101:13826 –13831.

19. Chain PS, et al. 2006. Complete genome sequence of Yersinia pestis strains
Antiqua and Nepal516: evidence of gene reduction in an emerging patho-
gen. J. Bacteriol. 188:4453– 4463.

20. Jin Q, et al. 2002. Genome sequence of Shigella flexneri 2a: insights into
pathogenicity through comparison with genomes of Escherichia coli K12
and O157. Nucleic Acids Res. 30:4432– 4441.

21. Nie H, et al. 2006. Complete genome sequence of Shigella flexneri 5b and
comparison with Shigella flexneri 2a. BMC Genomics 7:173.

22. Parkhill J, et al. 2003. Comparative analysis of the genome sequences of
Bordetella pertussis, Bordetella parapertussis and Bordetella bronchiseptica.
Nat. Genet. 35:32– 40.

23. Wei J, et al. 2003. Complete genome sequence and comparative genomics
of Shigella flexneri serotype 2a strain 2457T. Infect. Immun. 71:
2775–2786.

24. Moran NA, McLaughlin HJ, Sorek R. 2009. The dynamics and time scale
of ongoing genomic erosion in symbiotic bacteria. Science 323:379 –382.

25. Lindroos H, et al. 2006. Genome rearrangements, deletions, and ampli-
fications in the natural population of Bartonella henselae. J. Bacteriol. 188:
7426 –7439.

26. Matthews TD, Edwards R, Maloy S. 2010. Chromosomal rearrange-
ments formed by rrn recombination do not improve replichore balance in
host-specific Salmonella enterica serovars. PLoS One 5:e13503.

27. Matthews TD, Maloy S. 2010. Genome rearrangements in Salmonella, p
41– 48. In Fratamico P, Liu Y, Kathariou S (ed), Genomes of foodborne
and waterborne pathogens. ASM Press, Washington, DC.

28. Petrosino JF, et al. 2006. Chromosome rearrangement and diversification
of Francisella tularensis revealed by the type B (OSU18) genome sequence.
J. Bacteriol. 188:6977– 6985.

29. Liu GR, et al. 2002. The evolving genome of Salmonella enterica serovar
Pullorum. J. Bacteriol. 184:2626 –2633.

30. Wu KY, et al. 2005. The genome of Salmonella enterica serovar
Gallinarum: distinct insertions/deletions and rare rearrangements. J. Bac-
teriol. 187:4720 – 4727.

31. Kothapalli S, et al. 2005. Diversity of genome structure in Salmonella
enterica serovar Typhi populations. J. Bacteriol. 187:2638 –2650.

32. Liu SL, Sanderson KE. 1995. The chromosome of Salmonella paratyphi A
is inverted by recombination between rrnH and rrnG. J. Bacteriol. 177:
6585– 6592.

33. Liu SL, Sanderson KE. 1995. Rearrangements in the genome of the bac-
terium Salmonella typhi. Proc. Natl. Acad. Sci. U. S. A. 92:1018 –1022.

34. Liu SL, Sanderson KE. 1996. Highly plastic chromosomal organization in
Salmonella typhi. Proc. Natl. Acad. Sci. U. S. A. 93:10303–10308.

35. Liu SL, Sanderson KE. 1998. Homologous recombination between rrn
operons rearranges the chromosome in host-specialized species of Salmo-
nella. FEMS Microbiol. Lett. 164:275–281.

36. Liu SL, Sanderson KE. 1995. I-CeuI reveals conservation of the genome of
independent strains of Salmonella typhimurium. J. Bacteriol. 177:
3355–3357.

37. Helm RA, Lee AG, Christman HD, Maloy S. 2003. Genomic rearrange-
ments at rrn operons in Salmonella. Genetics 165:951–959.

38. Porwollik S, et al. 2004. DNA amplification and rearrangements in ar-
chival Salmonella enterica serovar Typhimurium LT2 cultures. J. Bacteriol.
186:1678 –1682.

39. Helm RA, et al. 2004. Pigeon-associated strains of Salmonella enterica

serovar Typhimurium phage type DT2 have genomic rearrangements at
rRNA operons. Infect. Immun. 72:7338 –7341.

40. Liu GR, et al. 2006. Genome plasticity and ori-ter rebalancing in Salmo-
nella typhi. Mol. Biol. Evol. 23:365–371.

41. Rabsch W, Truepschuch S, Windhorst D, Gerlach R. 2011. Typing phages
and prophages of Salmonella, p 25–48. In Porwollik S (ed), Salmonella: from
genome to function. Caister Academic Press, Norwich, United Kingdom.

42. Craigie J, Felix A. 1947. Typing of typhoid bacilli with Vi bacteriophage;
suggestions for its standardisation. Lancet i: 823– 827.

43. Craigie J, Yen CE. 1938. The demonstration of types of B. typhosus by
means of preparations of type II Vi-phage. Can. Public Health J. 29:
448 – 483.

44. Altwegg M, Hickman-Brenner FW, Farmer JJ, III. 1989. Ribosomal
RNA gene restriction patterns provide increased sensitivity for typing Sal-
monella typhi strains. J. Infect. Dis. 160:145–149.

45. Anderson ES, Williams RE. 1956. Bacteriophage typing of enteric patho-
gens and staphylococci and its use in epidemiology. J. Clin. Pathol.
9:94 –127.

46. Nair S, Poh CL, Lim YS, Tay L, Goh KT. 1994. Genome fingerprinting
of Salmonella typhi by pulsed-field gel electrophoresis for subtyping com-
mon phage types. Epidemiol. Infect. 113:391– 402.

47. Nastasi A, Mammina C, Villafrate MR. 1991. rDNA fingerprinting as a
tool in epidemiological analysis of Salmonella typhi infections. Epidemiol.
Infect. 107:565–576.

48. Navarro F, et al. 1996. Molecular typing of Salmonella enterica serovar
Typhi. J. Clin. Microbiol. 34:2831–2834.

49. Thong KL, Cheong YM, Puthucheary S, Koh CL, Pang T. 1994. Epide-
miologic analysis of sporadic Salmonella typhi isolates and those from
outbreaks by pulsed-field gel electrophoresis. J. Clin. Microbiol. 32:
1135–1141.

50. Threlfall EJ, et al. 1994. Insertion sequence IS200 fingerprinting of Sal-
monella typhi: an assessment of epidemiological applicability. Epidemiol.
Infect. 112:253–261.

51. Rische H, Ziesché K. 1973. Salmonella typhi, p 23– 64. In Rische H (ed),
Infectionskrankheiten und ihre Erreger, vol. 14. Lysotypie und andere
spezielle epidemiologische Laboratoriumsmethoden. Gustav Fischer
Verlag, Jena, Germany.

52. Islam A, Butler T, Ward LR. 1987. Reinfection with a different Vi-phage
type of Salmonella typhi in an endemic area. J. Infect. Dis. 155:155–156.

53. Marmion DE, Naylor GR, Stewart IO. 1953. Second attacks of typhoid
fever. J. Hyg. (Lond.) 51:260 –267.

54. Esnault E, Valens M, Espeli O, Boccard F. 2007. Chromosome structur-
ing limits genome plasticity in Escherichia coli. PLoS Genet. 3:e226.

55. Hill CW, Harnish BW. 1981. Inversions between ribosomal RNA genes of
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 78:7069 –7072.

56. Louarn J, Patte J, Louarn JM. 1982. Suppression of Escherichia coli
dnaA46 mutations by integration of plasmid R100.1 derivatives: con-
straints imposed by the replication terminus. J. Bacteriol. 151:657– 667.

57. Louarn JM, Bouché JP, Legendre F, Louarn J, Patte J. 1985. Character-
ization and properties of very large inversions of the E. coli chromosome
along the origin-to-terminus axis. Mol. Gen. Genet. 201:467– 476.

58. Matthews TD, Maloy S. 2010. Fitness effects of replichore imbalance in
Salmonella enterica. J. Bacteriol. 192:6086 – 6088.

59. Liu GR, et al. 2003. Genomic diversification among archival strains of
Salmonella enterica serovar Typhimurium LT7. J. Bacteriol. 185:
2131–2142.

60. Anderson P, Roth J. 1981. Spontaneous tandem genetic duplications in
Salmonella typhimurium arise by unequal recombination between rRNA
(rrn) cistrons. Proc. Natl. Acad. Sci. U. S. A. 78:3113–3117.

61. Reams AB, Kofoid E, Savageau M, Roth JR. 2010. Duplication frequency
in a population of Salmonella enterica rapidly approaches steady state with
or without recombination. Genetics 184:1077–1094.

62. Sonti RV, Roth JR. 1989. Role of gene duplications in the adaptation of
Salmonella typhimurium to growth on limiting carbon sources. Genetics
123:19 –28.

63. Echeita MA, Usera MA. 1998. Chromosomal rearrangements in Salmo-
nella enterica serotype Typhi affecting molecular typing in outbreak inves-
tigations. J. Clin. Microbiol. 36:2123–2126.

64. Wilson K. 1994. Preparation of genomic DNA from bacteria, p
2.4.1–2.4.5. In Ausubel FM, et al. (ed), Current protocols in molecular
biology, vol. 1. John Wiley & Sons, Hoboken, NJ.

65. Helm RA, Maloy S. 2001. Rapid approach to determine rrn arrangement
in Salmonella serovars. Appl. Environ. Microbiol. 67:3295–3298.

Matthews et al.

6 ® mbio.asm.org May/June 2011 Volume 2 Issue 3 e00060-11

 
m

bio.asm
.org

 on A
ugust 18, 2011 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/

	Chromosomal Rearrangements in Salmonella enterica Serovar Typhi Strains Isolated from Asymptomatic Human Carriers
	RESULTS
	Chromosome arrangement types.
	Vi phage typing.
	Rearrangements occur infrequently during culturing.
	Estimated replichore balance.
	Growth rates.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and growth conditions.
	Isolation of chromosomal DNA.
	PCR conditions.
	PERL script to estimate replichore balance.

	ACKNOWLEDGMENTS
	SUPPLEMENTAL MATERIAL
	REFERENCES


