al and recessive or partially recessive (/6). In
Heliothis virescens (Fabricius), resistance to a
delta endotoxin of Bt subsp. kurstaki strain
HD-1 was autosomal, incompletely dominant,
but controlled by several genetic factors (/7).
The high level of resistance in H. virescens to
CrylAc and to CrylAb was partially recessive
and controlled by one or a few loci, but the low
level of resistance to CrylIA was more domi-
nant (/8). In four colonies of Plutella xylostella
(L) (6, 19), inheritance of resistance to Bt
subsp. kurstaki was recessive or incompletely
recessive. Resistance was most likely autosom-
al and controlled by one or a few major loci.
The genetic bases for resistance to Bt toxins
appear to be different in different insects (20)
and may even differ for different toxins. Our
results agree with other studies in that Dipel ES
resistance in O. nubilalis appears to be caused
by a single autosomal gene (or by a few genes).
However, our results differ in that resistance in
this strain appears to be incompletely dominant
rather than recessive.

These results could have important impli-
cations for resistance management of O. nu-
bilalis in Bt maize. The currently proposed
resistance management strategy for Bf maize,
the high-dose/refuge strategy (1, 2, 21), re-
quires (i) that plant tissue be very toxic so
that heterozygotes for resistance are killed,
(i1) that the resistance alleles be very rare, and
(iii) that susceptible insects are within an
effective mating distance of resistant insects.
The high-dose/refuge strategy would not be
useful for resistance management if the trait
is dominant. However, the genetic dominance
we observed is expressed over a specific
range of Dipel ES doses; at higher dosages,
all individuals are expected to be susceptible.
The practical importance of this genetic dom-
inance will depend on whether these insects
can survive on Bt maize. The high-dose/ref-
uge strategy is subject to a number of strin-
gent prerequisites that may be difficult to
meet in practice. More robust resistance man-
agement options are needed.
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An Essential Role for DNA
Adenine Methylation in
Bacterial Virulence

Douglas M. Heithoff, Robert L. Sinsheimer, David A. Low,
Michael J. Mahan*

Salmonella typhimurium lacking DNA adenine methylase (Dam) were fully
proficient in colonization of mucosal sites but showed severe defects in col-
onization of deeper tissue sites. These Dam™ mutants were totally avirulent and
were effective as live vaccines against murine typhoid fever. Dam regulated the
expression of at least 20 genes known to be induced during infection; a subset
of these genes are among those activated by the PhoP global virulence regu-
lator. PhoP, in turn, affected Dam methylation at specific genomic sites, as
evidenced by alterations in DNA methylation patterns. Dam inhibitors are likely
to have broad antimicrobial action, and Dam™ derivatives of these pathogens

may serve as live attenuated vaccines.

Methylation at adenine residues by Dam con-
trols the timing and targeting of important
biological processes such as DNA replica-

Department of Molecular, Cellular, and Developmen-
tal Biology, University of California, Santa Barbara, CA
93106, USA.

*To whom correspondence should be addressed.

tion, methyl-directed mismatch repair, and
transposition (/). In addition, Dam regulates
the expression of operons such as pyelone-
phritis-associated pili (pap), which are an
important virulence determinant in upper uri-
nary tract infections (2, 3). The latter regula-
tory mechanism involves formation of heri-
table DNA methylation patterns, which con-
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trol gene expression by modulating the bind-
ing of regulatory proteins. Although Dam
regulates pili gene expression, its role in mi-
crobial pathogenesis has never been tested.
To determine whether Dam plays a role in
the pathogenesis of Salmonella typhimurium,
we assessed the effect of an insertion in the
dam gene (Mud-Cm). The oral lethal dose
required to kill 50% of the animals (LD,) of
this Dam~ mutant was more than 10,000
times the LD, for the wild type, and the
intraperitoneal LD, for the mutant was more
than 1000 times that for the wild type (Table

Fig. 1. Dam regulates in vivo in-
duced genes. B-galactosidase ex-
pression from S. typhimurium ivi fu-
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1). Because the dam insertion could decrease
the expression of downstream genes (polar
effects), an in-frame, nonpolar dam deletion
was constructed (4) and shown to have the
same reduced virulence as the dam insertion.
Thus, the attenuation was specifically attrib-
utable to the lack of Dam. Moreover, intra-
peritoneal inoculation of mice with a mixture
of equal numbers of Dam™ and Dam™ Salmo-
nella showed that Dam™ mutants were com-
pletely eliminated during growth in the
mouse (competitive index assay). Similar re-
sults were obtained with a strain that over-

W@ Dam+

sions in Dam* and Dam" strains, 200
grown to saturation in LB medium
as described (27), was measured. 2
The vertical axis shows B-galactosi- : 150
dase activities [micromoles of o-  §
nitrophenol (ONP) formed per 2
minute per Agy, unit per milliliter of £ '®"
cell suspension X 10%]. The B-galac- &
tosidase activities were assayed as
described (28). 0
0
spvB pmrB  mgtA entF XXVi XXvir  Xxvilt XXIX
Fig. 2. Dam represses PhoP-activat- 500
ed genes. B-galactosidase expres- 4 N Ehots
sion from S. typhimurium ivi fusion W PhoP-
strains, grown in minimal medium 400
(pH 5.5, 50 uM Mg2™) as- described —
(27), was measured. The vertical £ [
axis shows B-galactosidase activities 3 aoo i I
(calculated as in Fig. 1). The B-ga- & X
lactosidase activities were assayed 3 '
as described (28). Z 200 T
B
100
0 I =1 [ ﬂ o] | Nl
Dam+ Dam- Dam+ Dam- Dam+ Dam-
spvB pmrB mgtA
Table 1. Dam is required for Salmonella virulence. ND, not determined.
Oral Intraperi- Competitive
Relevant genotype™ LDgot tonealpLDso’r inzexi
Wild type 108 <10 -
dam102:Mud-Cm >10° >10* <107*
damA232 (nonpolar deletion) >10° >10* <107*
Wild type (pTP166) (Dam overproducer) 108 >10* <107*
mutS121:Tn10 10° ND 0.9
lrp37:Km 10° ND 9.4
dem1:Km 10° <10 0.2

*All bacterial strains used in this study are derivatives of S. typhimurium 14028. Mutant strains are isogenic to the wild
type and were obtained or constructed as described (4). Strains used in infection studies were grown overnight in LB with
shaking (9). The Dam-overproducing strain contains E. coli dam on a recombinant plasmid (pTP166) in a wild-type

background (30).

tThe LD, assay for each of these strains was compared to that for the wild type. The peroral LD,

via gastrointubation for all derivatives was determined by infecting at least 12 BALB/c mice; the intraperitoneal LD, was

determined by infecting at least six mice.

1At least five BALB/c mice were intraperitoneally infected with a 1:1 ratio

of mutant to wild type, as described (9). Five days after infection, the bacterial cells were recovered from the spleen;
the competitive index is the ratio of mutant to wild-type bacteria recovered.

produces Dam from a recombinant plasmid,
which suggested that precise amounts of the
Dam methylase are required for full viru-
lence. These results show that the Dam meth-
ylase is essential for bacterial pathogenesis.

Dam plays an essential role in methyl-
directed mismatch repair (MDMR) because it
allows discrimination between parental and
daughter DNA strands (/). Thus, in the ab-
sence of Dam, bacteria show an increased
mutation rate. To test the hypothesis that the
reduction in virulence of Dam~ Salmonella
was due to a high mutation rate, we measured
the virulence of mutS Salmonella, which lack
MDMR and also have a high mutation rate.
Table 1 shows that in both the oral LD, and
the competitive index virulence assays, mutS
Salmonella were identical to the wild type,
indicating that Dam does not affect pathogen-
esis via an increased mutation rate. Because
more DNA exchange between species occurs
in MutS~ strains than in MutS™ strains, they
more readily acquire new virulence determi-
nants (/). The fact that MutS~ strains are fully
virulent could explain the high frequency at
which mutS Escherichia coli and Salmonella
mutants are found among clinical isolates (5).

Dam controls the expression of Pap pili by
modulating the binding of leucine-responsive
regulatory protein (Lrp) to pap regulatory
DNA sequences (3). Lrp is a global regulator
of at least 35 genes in E. coli that include
operons involved in metabolism, transport,
and adhesion (6). To determine whether Dam
affects Salmonella virulence through an Lrp-
mediated pathway, we analyzed Lrp~ Salmo-
nella (Table 1). Salmonella lacking Lrp were
fully virulent, as assessed by the LD, and
competitive index assays. These data show
that Lrp is not required for virulence in a
mouse model of typhoid fever.

The results discussed above show that
adenine methylation is critical for Salmonella
pathogenesis. DNA methylation of cytosine
residues appears to be important for the reg-
ulation of biological processes in both plants

Fig. 3. PhoP affects the PhoP

formation of Salmonella L ——
DNA methylation patterns.
DNA methylation patterns
formed in PhoP* and from
PhoP~ strains in minimal
medium. Genomic DNA
prepared from PhoP* and
from PhoP~ strains em-
bedded in agarose was
cleaved with Mbo | (which
cleaves  nonmethylated
Dam-target sites) and
subjected to pulsed-field
gel electrophoresis (29).
The arrows indicate two
DNA fragments that were
present in PhoP~ Salmo-
nella but were absent in
PhoP* Salmonella.
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and animals. Although Salmonella contain a
DNA cytosine methylase (Dcm), the role of
cytosine methylation in this organism is un-
clear. The dem™ mutant was virulent in the
LD, and competitive index assays (Table 1).
These results demonstrate that methylation of
adenine but not cytosine residues is required
for Salmonella pathogenesis.

DNA adenine methylation has been
shown to directly control virulence gene ex-
pression (7). Therefore, we determined
whether Dam regulates Sa/monella genes that
are preferentially expressed in the mouse
[designated as in vivo-induced (ivi) genes
(8—11)]. Dam significantly repressed the ex-
pression ‘of more than 20 ivi genes (by a
factor of 2 to 18) when grown in rich medium
(Fig. 1). Four of the eight fusions in Fig. 1 are
in known genes, all of which have been
shown to be involved or have been implicated
in virulence: spvB resides on the Salmonella
virulence plasmid and functions to facilitate
growth at systemic sites of infection (12);
pmrB is involved in resistance to antibacterial
peptides termed defensins (/3); and mgtA4 and
entF are involved in the transport of magne-
sium and iron, respectively (14, 15). Addi-
tional /vi genes: of unknown function were
also Dam-regulated. These results indicate
that Dam is a global regulator of Salmonella
gene expression and that the dam-regulated
ivi genes constitute a dam regulon (1).

Salmonella pathogenesis is known to be
controlled by PhoP, a DNA binding protein
that acts as both an inducer and repressor of
specific virulence genes [reviewed in (/6)].
To determine whether the Dam and PhoP
regulatory pathways share common genes,
we tested the effect of Dam on seven PhoP-
activated ivi genes, including spvB, pmrB,
and mgtA. Dam repressed the expression of
these three genes by a factor of 2 to 19 (Fig.
2), and this repression was not dependent on
the PhoP protein. Dam did not significantly
affect the expression of the remaining four
PhoP-activated genes (/7). These results in-
dicate that Dam and PhoP constitute an over-
lapping global regulatory network controlling
Salmonella virulence.

Table 2. Dam~ Salmonella serve as effective live
attenuated vaccines.

Immunization
with Dam™
S. typhimurium*

Challenge with
10° wild-type
S. typhimurium

None 12/12 dead
dam102:Mud-Cm 17/17 alive
damA232 (nonpolar deletion) 8/8 alive

*BALB/c mice were perorally immunized via gastrointu-
bation with a dose of 10° Dam~ S. typhimurium. Five
weeks later, the immunized mice were challenged per-
orally with 10° wild-type S. typhimurium as described. No
visible effects of typhoid fever were observed after im-
munization with Dam~ Salmonella, nor were there visible
effects after the wild-type challenge.
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Binding of regulatory proteins to DNA
can form DNA methylation patterns by
blocking the methylation of specific Dam
target sites (GATC sequences) (/8). There-
fore, we further investigated the interactions
between Dam and PhoP by determining
whether the binding of PhoP (or a PhoP-
regulated protein) to specific DNA sites
blocks methylation of these sites by Dam,
resulting in an alteration in the DNA meth-
ylation pattern. Analysis of PhoP™ and PhoP~
Salmonella showed distinct differences in
DNA methylation patterns. Digestion of
genomic DNA from PhoP~ bacteria with Mbo
I (which cleaves only at nonmethylated
GATC sites) resulted in the appearance of
DNA fragments that were not present in
DNA from PhoP* bacteria, indicating that
the PhoP protein (or a PhoP-regulated gene
product) blocks Dam methylation at specific
GATC-containing sites in the Salmonella ge-
nome (Fig. 3, arrows). Recent data have
shown that although catabolite gene activator
protein binds to a DNA sequence containing
GATC, it does not protect this site from
methylation (/8). Thus, not every protein that
binds to a Dam target site protects the GATC

sequence from methylation. It is also possible.

that PhoP™ and PhoP~ strains have different
amounts of Dam activity, which in turn could
affect DNA methylation patterns. However,
this regulation does not occur at the transcrip-
tional level because Dam does not alter PhoP
expression, nor does PhoP alter Dam expres-
sion (/7). Further analysis will determine
whether these PhoP-protected sites are within
regulatory regions of virulence genes, and
whether DNA methylation directly affects
the PhoP regulon by altering DNA-PhoP
interactions.

In E. coli, almost all GATC sites protected
from methylation are in 5’ noncoding DNA
regions presumably involved in the control of
gene expression (19, 20). Thus, it is likely
that the DNA methylation patterns identified
in Salmonella (Fig. 3) are also within gene
regulatory regions. Methylation of specific

GATC sites in the regulatory regions of vir-
ulence genes could affect the binding of reg-
ulatory proteins to DNA. Such altered pro-
tein-DNA interactions can affect gene ex-
pression, as has been shown for the pap
virulence operon in E. coli (7, 18). Similarly,
Dam methylation could directly or indirectly
affect the expression of PhoPQ-regulated
genes in S. fyphimurium. .
Because Dam™ mutants were highly atten-
uated, we determined whether Dam™ Sa/mo-
nella could serve as a live attenuated vaccine.
Table 2 shows that all (17/17) mice immu-
nized with a S. typhimurium Dam™ insertion
strain survived a wild-type challenge of 10*
above the LD,,, whereas all nonimmunized
mice (12/12) died after challenge. Moreover,
because all (8/8) mice immunized with Sal-
monella containing the dam deletion survived
challenge, these data indicate that protection
was specifically due to the absence of Dam
methylase. Preliminary experiments indicate
that mice immunized with Dam~ S. typhi-
murium showed cross-protection against an-
other pathogenic strain of Salmonella (17).
The virulence attenuation and effectiveness
of Dam™ mutants as a vaccine (Tables 1 and
2) could be due to the ectopic expression of
virulence determinants (Figs. 1 and 2), which
would likely be deleterious to the growth (or
survival) of Salmonella during infection.
Dam~ Salmonella could have been aviru-
lent as a result of multiple defects in basic
cellular processes that reduced viability. This
hypothesis was tested by comparing the sur-
vival of Dam* and Dam~ Salmonella in
mouse tissues. As shown in Fig. 4, Dam~
bacteria were fully proficient in colonization
of a mucosal site (Peyer’s patches) but
showed severe defects in colonization of
deeper tissue sites. Five days after infection,
we observed a reduction of three orders of
magnitude in numbers of Dam™ Salmonella in
the mesenteric lymph nodes (relative to num-
bers of Dam™ bacteria) and a reduction of
eight orders of magnitude in numbers of
Dam~ Salmonella in the liver and spleen.
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Fig. 4. Colonization of mouse tissue sites by Dam~ Salmonella. BALB/c mice were infected via
gastrointubation at a dose of 10° Dam™ (open boxes) or Dam~ (closed boxes) S. typhimurium. After
1 day or 5 days after infection, mice were killed and bacteria were recovered from the host tissues
indicated. PP, Peyer's patches (the four patches proximal to the ileal-cecal junction); MLN,
mesenteric lymph nodes; CFU, colony-forming units.
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These data show that Dam™ Salmonella sur-
vive in Peyer’s patches of the mouse small
intestine for at least 5 days, providing an
opportunity for elicitation of a host immune
response. Dam™ Salmonella, however, were
unable to cause disease; they either were
unable to invade systemic tissues or were
able to invade but could not survive.

DNA adenine methylases are potentially
excellent targets for both vaccines and anti-
microbials. They are highly conserved in
many pathogenic bacteria that cause signifi-
cant morbidity and mortality, such as Vibrio
cholerae (21), Salmonella typhi (22), patho-
genic E. coli (23), Yersinia pestis (22), Hae-
mophilus influenzae (24), and Treponema
pallidum (25). In addition, because Dam is a
global regulator of genes expressed during
infection (Fig. 1), Dam™ mutants may ectopi-
cally express multiple immunogens that are
processed and presented to the immune sys-
tem. Such ectopic expression could elicit a
cross-protective immune response between
related bacterial strains that share common
epitopes. Finally, because the Dam methylase
is essential for bacterial virulence, Dam in-
hibitors are likely to have broad antimicrobial
action, herice Dam is a promising target for
antimicrobial drug development.
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Sources of Mathematical
Thinking: Behavioral and
Brain-Imaging Evidence

S. Dehaene,’ E. Spelke,? P. Pinel,” R. Stanescu,’ S. Tsivkin?

Does the human capacity for mathematical intuition depend on linguistic
competence or on visuo-spatial representations? A series of behavioral and
brain-imaging experiments provides evidence for both sources. Exact arithmetic
is acquired in a language-specific format, transfers poorly to a different lan-
guage or to novel facts, and recruits networks involved in word-association
processes. In contrast, approximate arithmetic shows language independence,
relies on a sense of numerical magnitudes, and recruits bilateral areas of the
parietal lobes involved in visuo-spatial processing. Mathematical intuition may
emerge from the interplay of these brain systems.

Will it ever happen that mathematicians
will know enough about the physiology
of the brain, and neurophysiologists
enough of mathematical discovery, for
efficient cooperation to be possible?
[Jacques Hadamard (7)]

Until recently, the only source of information
about the mental representations used in
mathematics was the introspection of mathe-
maticians. Eloquent support for the view that
mathematics relies on visuo-spatial rather
than linguistic processes came from Albert
Einstein, who stated: “Words and language,
whether written or spoken, do not seem to
play any part in my thought processes. The
psychological entities that serve as building
blocks for my thought are certain signs or
images, more or less clear, that I can repro-
duce and recombine at will” (2). Many math-
ematicians report similar experiences (I, 3),
but some have stressed the crucial role played
by language and other formal symbol systems
in mathematics (4). Still others have main-
tained that the critical processes giving rise to
new mathematical insights are opaque to con-
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sciousness and differ from explicit thought
processes (1, 3, 5).

We address the role of language and visuo-
spatial representation in mathematical thinking
using empirical methods in cognitive neuro-
science. Within the domain of elementary arith-

. metic, cutrent cognitive models postulate at

least two representational formats for number: a
language-based format is used to store tables of .
exact arithmetic knowledge, and a language-
independent representation of number magni-
tude, akin to a mental “number line,” is used for
quantity manipulation and approximation (6,
7). In agreement with these models, we now
demonstrate that exact calculation is language-
dependent, whereas approximation relies on
nonverbal visuo-spatial cerebral networks.

We first used behavioral experiments in bi-
linguals to examine the role of language-based
representations in learning exact and approxi-
mate arithmetic. In one experiment, Russian-
English bilinguals were taught a set of exact or
approximate sums of two two-digit numbers in
one of their two languages (8). In the exact
addition condition, subjects selected the correct
sum from two numerically close numbers. In
the approximate addition condition, they were
asked to estimate the result and select the clos-
est number. After training, subjects’ response
times for solving trained problems and novel
problems were tested in their two languages.
Performance in both tasks improved consider-
ably with training (response times dropped, in

7 MAY 1999 VOL 284 SCIENCE www.sciencemag.org





