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wild-type endosperm had a strong tendency to be
hypermethylated in dme endosperm as well (Fig. 3,
B and C, green trace), despite the overall reduction
of non-CG methylation caused by the dme muta-
tion. Endosperm hypermethylation is thus a highly
specific, RNAi-targeted process.

We calculated methylation levels of sequences
either known or strongly inferred to cause imprinted
expression of five Arabidopsis genes (3, 5–8): the
MEA 3′ repeats, the FWA promoter and start of
transcription, the FIS2 promoter, the PHE1 3′ re-
peats, and the MPC gene and flanking regions
(Fig. 3, A to C, and table S2). MEA methylation
was reduced from 88% CG, 39% CHG, and 42%
CHH in embryo to 63% CG, 16% CHG, and 17%
CHH in wild-type endosperm. MEA CG methyla-
tion was restored to 87% in dme endosperm,
whereas CHG (13%) and CHH (8%) methylation
was further reduced. The other four genes behaved
similarly (Fig. 3, A to C, and table S2), in line with
the overall trends. Imprinted genes are thus not ex-
ceptional sequences specifically targeted for de-
methylation in the central cell but rather part of
a nearly universal process that reshapes DNA
methylation of the entire maternal genome in the
endosperm (14). Imprinted expression of genes
regulated by allele-specific DNA methylation
could potentially arise whenever a transposable
element insertion or a local duplication near a
gene’s regulatory sequences induces methyla-
tion and gene silencing in other tissues, includ-
ing the paternal endosperm genome.

Genomic imprinting is a fast-evolving process
driven by genetic conflict between parents (1). In
mammals, which exhibit virtually global CG meth-
ylation (15), imprinting is orchestrated in part by
differential methylation of specific sequences in the
gametes (16 ). Arabidopsis, which targets methylation
primarily to transposable elements (9), apparently
adapted a radical implementation of imprinting
by partially suspending its transposon suppression
system and globally demethylating central cell
DNA, resulting in a hypomethylated maternal endo-
sperm genome. Because the endosperm genome
is not transmitted to the next generation, transient
transposon activation is likely to carry a fairly low
cost, especially in an organism with few functional
transposons, like Arabidopsis. Transposon activa-
tion and siRNA accumulation in the central cell
might actually contribute to enhanced methylation
and silencing of elements in the egg cell (and later
the embryo) through siRNA transport (17 ), which
could be the original selective force driving the
evolution of central cell demethylation. An analo-
gous mechanism has recently been proposed to
operate between the vegetative and reproductive
cells of pollen (18). It is an open question whether
other plants, particularly those with more aggres-
sive transposable elements, have adopted a similar
strategy.
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Hyper-Recombination, Diversity,
and Antibiotic Resistance
in Pneumococcus
William Paul Hanage,1* Christophe Fraser,1 Jing Tang,2
Thomas Richard Connor,1 Jukka Corander2

Streptococcus pneumoniae is a pathogen of global importance that frequently transfers genetic
material between strains and on occasion across species boundaries. In an analysis of 1930
pneumococcal genotypes from six housekeeping genes and 94 genotypes from related species, we
identified mosaic genotypes representing admixture between populations and found that these
were significantly associated with resistance to several classes of antibiotics. We hypothesize that
these observations result from a history of hyper-recombination, which means that these strains
are more likely to acquire both divergent genetic material and resistance determinants. This could
have consequences for the reemergence of drug resistance after pneumococcal vaccination and
also for our understanding of diversification and speciation in recombinogenic bacteria.

Many bacteria undergo homologous re-
combination, in which short tracts of
DNA in the recipient are replaced by

the corresponding tract from a donor strain, re-
sulting in a mosaic of DNA from different an-
cestors (1). Although this occurs mainly within
species and declines markedly with increasing
sequence divergence between donor and recipi-
ent (2), occasional gene transfers between species

do occur. Such events have the potential to intro-
duce new phenotypes, such as virulence or anti-
biotic resistance, into a new genetic background
that may or may not be the same as the species of
the donor strain (3–7 ) and may have considerable
impacts on bacterial evolution and human health.

One group in which homologous recombina-
tion is frequent is the mitis group streptococci. This
includes the major human pathogen Streptococcus

pneumoniae, the pneumococcus, which is respon-
sible for at least 1million deaths per year worldwide
(8). The closely related species S. oralis, S. mitis,
and S. pseudopneumoniae (among others) have a
history of taxonomic confusion, which may be
partly explained by genetic diversitywithin themitis
group (9, 10). Moreover, rare but important events
have led to the acquisition of antibiotic resistance by
pneumococcus as a result of the transfer of resist-
ance determinants across species boundaries (4, 5 ).
The high rates of recombination within the species
have the potential to shuffle resistance determinants
among pneumococcal genotypes. It is not known
whether or not recombination, either at resistance
loci or housekeeping genes, is equally likely for all
members of the species or whether some strains are
more likely to be involved in this process.

Although a vaccine is available for 7 of the
more than 90 pneumococcal serotypes, this has
not eliminated pneumococcal disease because the
nonvaccine serotypes derive an ecological advan-
tage from the removal of their competitors and
have been increasing in carriage prevalence (11)
and, concomitantly, in disease (12). Alongside
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this, we are observing the expansion of existing
antibiotic-resistant clones with nonvaccine sero-
types and the possible emergence of new ones
(13, 14 ).

Multilocus sequence typing (MLST) (15)
supplies genetic data to study recombination and
population structure in the pneumococcal popula-
tion.MLSTcharacterizes an isolate by sequencing
internal fragments of seven housekeeping genes.
Together these define the sequence type (ST) of
the isolate, which may readily be compared to
others through theMLST database (16 ). This con-
tains sequence data from many thousands of iso-
lates reported by the global community of MLST
users. It also contains associated epidemiological
data including serotype and antibiotic resistance.
We have previously published the sequences of
MLST loci from multiple isolates of related spe-
cies, allowing us to study recombination between
them and the pneumococcus (9). The ddl locus
used in MLST for pneumococcus is associated
with a high frequency of interspecies gene transfer
because of physical linkage with the penicillin bind-
ing protein (PBP) 2b locus (17 ), at which alleles
containingDNAoriginating in other species lead to
penicillin resistance. Because the linkage could
bias any estimates of admixture, we have excluded
this locus from the following analysis. Once the
ddl locus is removed, the data set consists of 1930
distinct genotypes of S. pneumoniae, alongwith 40
identified as S.mitis, 39 S. pseudopneumoniae, and
15 S. oralis (9).

To identify populations and rates of admixture
between them, we used the program Bayesian
Analysis of Population Structure [BAPS (18–20)].
This program, freely available online (21), imple-
ments several models to identify clusters char-
acterized by different allele frequencies within a
population characterized by multilocus DNA se-
quences. Furthermore, cases of likely admixture,
that is, isolates containing a DNA sequence char-
acteristic of more than one population as a result
of recombination, can be identified (22).

The results of the analysis of the streptococcal
data set are summarized in Table 1 and Fig. 1 [and
presented in more detail in (22)]. In total, six clus-
ters were identified, three of which corresponded
to the nonpneumococcal species (Table 1). The
remaining three clusters (1, 2, and 4) represent
subpopulations of the pneumococcus as defined
within the BAPS analysis. Figure 1A shows the
admixture graphic, in which each unique geno-
type is represented by a column, colored accord-
ing to the proportion of sequence assigned to each
cluster. For clusters 1 and 2, the vast majority of
genotypes were characteristic of only one cluster.
The reverse was true of cluster 4, which was most-
ly composed of mosaics. In Fig. 1B, which dis-
plays the clustering of these groups by using a
phylogenetic tree, this is evident in the scattering of
cluster 4 genotypes around the pneumococcal clus-
ter. Two anomalous genotypes were evident and
are indicated in Fig. 1B: one assigned to cluster 4
arising from the branch leading to S. pseudop-
neumoniae and S. mitis (this is ST 1705 and is a

pneumococcal strain containing multiple diver-
gent alleles) and another highly divergent geno-
type assigned to cluster 3 at the end of a long
branch arising from within the S. pneumoniae
cluster. This strain [IOKOR 484 as described in
(23)] was previously considered to be an example of
S. pseudopneumoniaebut in this analysis clustered
with S. mitis strains. These illustrate the difficulty
of assigning strains to species in such recombi-
nant taxa.

We estimated the relative amounts of admix-
ture between the clusters (22) (Fig. 2). This esti-
mate shows cluster 4 to be a recipient of genetic
information from the other clusters and other
species. Hence for individual loci, we identi-

fied alleles that are divergent from typical pneu-
mococcal alleles and are more similar to those
found in related species. Of 93 individual geno-
types containing alleles that cluster with nonpneu-
mococcal species (22), all but one were found in
cluster 4.

The atypical genotypes in cluster 4 reflect a
history of recombination; hence, we examined
the association between cluster 4 and antibiotic
resistance.We used 3732 records deposited in the
MLST database, which supplied the input data
for the BAPS analysis and contains data on re-
sistance to penicillin, erythromycin, tetracycline,
chloramphenicol, and cefotaxime.We categorized
an isolate as nonsusceptible if it was recorded as

Fig. 1. (A) Admixture analysis of 2024 distinct streptococcal
genotypes. Each column represents a single multilocus geno-
type, colored according to the proportion of genetic variation
assigned to each cluster. The final cluster assignment is shown
by the color of the line underneath. For example, a solid red
column signifies a genotype for which 100% of the sequence
was characteristic of group 1. Note that the variation char-
acteristic of a cluster is not necessarily contiguous in the
concatenated sequences used in the analysis. The relationships
between the groups and named species are presented in Table 1.
Group 4 strains are composed of a high proportion of mosaics. (B)
Minimum evolution tree constructed by using MEGA4 (28) from
concatenates of S. pneumoniae strains and related species as
described in the text. The optimal tree is shown with distances
computed by using the Kimura two-parameter method. Taxa are
colored by BAPS group according to the same scheme used in (A).
The relationships between BAPS clusters and named species are
indicated and are presented in Table 1. The positions of the
anomalous strains ST 1705 and IOKOR 484 are indicated.

Table 1. Association between named species and BAPS cluster. Blank fields indicate that no strains
in the relevant cluster were identified as that species.

BAPS cluster

1 2 3 4 5 6

S. pneumoniae 753 809 368
S. pseudopneumoniae 1 39
S. mitis 39
S. oralis 15
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having a minimal inhibitory concentration (MIC)
greater than the breakpoint for susceptibility ac-
cording toBritish Society forAntimicrobialChemo-
therapy or if it was recorded as resistant or of
intermediate resistance [i.e., nonsusceptible in
accordance with customary usage (22)].

Odds ratios (ORs) for the association of re-
sistancewith the clusters inferred byBAPS showed
(Fig. 3) a significant association with cluster 4
and a negative relationship with cluster 1. Cluster
2 is intermediate in all cases except for chloram-
phenicol. This may be linked to the fact that clus-
ter 2 contains a high proportion of strains with
serotypes included in current conjugate vaccine
formulations (Table 2). These serotypes have been
previously known to be associated with resist-
ance, and their removal after vaccination has led
to a decline in resistance (14). In contrast, cluster 4
shows no association with these serotypes. The
association between cluster 4 and nonsuscepti-
bility is also robust to different criteria for associat-
ing genotypes with resistance (22).

The reasons cluster 4 associated with both
resistance and mosaicism are unclear. Resistance
to the different antibiotics may arise by the acqui-
sition of additional loci (such as efflux pumps in
the case of erythromycin resistance) as well as
gene conversion–like processes (e.g., homologous
recombination at PBP loci for b-lactam nonsus-
ceptibility). Both involve the acquisition of DNA
from other lineages. We have considered the pos-
sibility that this result could be a consequence of
reverse causation: Resistance leads to strains, for
some reason, being more likely to be grouped in
cluster 4. However, any artifactual association be-
tween this cluster and antibiotic resistance seems
very unlikely given that the BAPS classification and
resistance phenotype are based on unlinked loci.

We hypothesize that cluster 4 is an amalgam
of strains with a history of hyper-recombination,
which leads to them being grouped together by
BAPS because they share anomalous DNA se-
quences.Byhavingahistoryofhyper-recombination,
such strains aremore likely to accept divergentDNA,
both at housekeeping and resistance loci, and hence
more likely to acquire resistance and housekeeping
gene sequences from distantly related pneumococci
or other species.

Within many bacterial populations and in
particular those under strong antibiotic selective
pressure, we can identify strains with an elevated
mutation rate (24) usually through defects in the
mismatch repair (MMR) system. In certain con-
texts [e.g., the cystic fibrotic lung (25)], it is thought
that second-order selection on the resistant strains
that arise in the mutator lineages leads to strains
with a mutator phenotype being more common
than predicted (26). However, the relationship be-
tween elevated recombination and antibiotic resist-
ance is not well understood. Elevated mutation
and/or recombination rates should carry a fitness
cost, and as a result a high rate of reversion to wild
type is predicted, possibly by horizontal acquisition
of wild-typeMMRgenes, as has been proposed for
hypermutators in Escherichia coli (27).

Fig. 3. ORs showing the association between BAPS cluster and nonsusceptibility to five antibiotics.
ORs were calculated relative to all other clusters as described in the text. Error bars indicate 95%
confidence intervals.

Fig. 2. Admixture between the clusters illustrated in Fig. 1. Arrows indicate the average fraction of
sequence variation obtained from the source cluster by the strains assigned to the target cluster.
Circular loops indicate the fraction of variation estimated as not arising from outside the cluster.
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Through analysis of MLST data collected for
epidemiological purposes, we have identified pneu-
mococcal strains showing evidence of past re-
combination, both with other pneumococci and
with related species. These strains are signifi-
cantly more likely to be resistant to all classes of
antibiotics for which data are available. Because
the resistance mechanisms involved include both
homologous and illegitimate recombination, this
implies a general tolerance for foreign DNA, sug-
gesting a hyper-recombinant state. It is reasonable
to suggest that this state could be important for
adaptation to other environmental pressures beyond
antibiotics. This demonstrates the importance of
recombination in bacterial evolution over the
long term and suggests that it may vary markedly
within a species. The consequences for speciation
and adaptation remain to be determined.
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Inhibition of Hedgehog Signaling
Enhances Delivery of Chemotherapy in
a Mouse Model of Pancreatic Cancer
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Pancreatic ductal adenocarcinoma (PDA) is among the most lethal human cancers in part
because it is insensitive to many chemotherapeutic drugs. Studying a mouse model of PDA that
is refractory to the clinically used drug gemcitabine, we found that the tumors in this model
were poorly perfused and poorly vascularized, properties that are shared with human PDA. We
tested whether the delivery and efficacy of gemcitabine in the mice could be improved by
coadministration of IPI-926, a drug that depletes tumor-associated stromal tissue by inhibition
of the Hedgehog cellular signaling pathway. The combination therapy produced a transient
increase in intratumoral vascular density and intratumoral concentration of gemcitabine,
leading to transient stabilization of disease. Thus, inefficient drug delivery may be an important
contributor to chemoresistance in pancreatic cancer.

Pancreatic ductal adenocarcinoma (PDA) is
among the most intractable of human ma-
lignancies. Decades of effort have witnessed

the failure of many chemotherapeutic regimens,
and the current standard-of-care therapy, gemcita-
bine, extends patient survival by only a few weeks

(1–3). Oncology drug development relies heav-
ily on mouse models bearing transplanted tu-
mors for efficacy testing of agents. However, such
models of PDA respond to numerous chemo-
therapeutic agents, including gemcitabine (4–9),
which suggests that their predictive utility may be
limited. Genetically engineered mouse models of
PDA offer an alternative to transplantation mod-
els for preclinical therapeutic evaluation. We have
previously described KPC mice, which conditional-
ly express endogenous mutant Kras and p53 al-
leles in pancreatic cells (10) and develop pancreatic
tumors whose pathophysiological and molecu-
lar features resemble those of human PDA (11).
Here, we have used the KPC mice to investigate
why PDA is insensitive to chemotherapy.

We first compared the effect of gemcitabine
on the growth of pancreatic tumors in four mouse
models: the KPC mice and three distinct tumor
transplantation models (12, 13). Gemcitabine in-
hibited the growth of all transplanted tumors, irre-
spective of their human or mouse origin (Fig. 1A),
but did not induce apoptosis (Fig. 1B). Rather,
proliferation was substantially reduced in all trans-
planted tumors (fig. S1A). In contrast, most tu-
mors (15 of 17 tumors) in gemcitabine-treated KPC
mice showed the same growth rate as in saline-
treated controls (Fig. 1C). This is consistent with
clinical results in which only 5 to 10% of patients
treated with gemcitabine demonstrate an objective
radiographic response at the primary tumor site
(3). Two KPC tumors demonstrated a transient

Table 2. Associations between pneumococcal isolates with vaccine serotypes and BAPS clusters. The
vaccine serotypes are those present in the seven valent pneumococcal vaccines (4, 6B, 9V, 14, 18C, 19F,
and 23F), and all records present in the MLST database at the time of BAPS analysis were used to estimate
ORs. Reestimation using records entered into the database since the initial analysis did not substantially
alter the results (22).

Cluster Vaccine serotypes Totals ORs 95% Confidence intervals

1 604 1357 0.54 0.475 to 0.622
2 1027 1645 1.87 1.639 to 2.133
4 378 730 0.90 0.768 to 1.061
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