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RATIONALE 
Researchers and clinicians are losing the battle against bacterial pathogens, ultimately because we are 
unable to prevent or control horizontal gene transfer. I propose to remedy this by developing the first 
predictive model of gene transfer in the human respiratory tract.  
Attempts at infection control commonly fail because pathogens have acquired new genes and alleles that 
confer antibiotic resistance or escape from immune surveillance and vaccine immunity1, 2. These alleles 
are acquired from both close relatives and other species, by transformation, conjugation or transduction. 
Gene transfer is of particular concern in respiratory communities, since many important pathogens are 
highly competent for DNA uptake and natural transformation. FIG. 1. illustrates a typical respiratory tract 
community. Opportunistic pathogens intermingle with true 
commensals, all embedded in a matrix of mucins and DNA that 
flows like a river across the ciliated mucosal surface. Diverse 
bacteria use their competence systems to take up the DNA, 
obtaining both nucleotides and the genes that will subsequently 
prevent control of infection. Genetic exchange in this complex 
evolving ecosystem has never been systematically investigated. 
Without any way to predict which new genotypes might arise, 
researchers and clinicians can only hope that new strains will not emerge, and then struggle to control the 
damage when they inevitably do. The greatest need is for knowledge of the key factors affecting DNA 
uptake and homologous recombination in the respiratory tract. Although laboratory studies have 
produced a wealth of information about the regulation of competence and the mechanism of DNA 
uptake3, these cannot easily be applied to real infections, and population genetics studies of past 
recombination events are confounded by the unknown effects of genetic drift and natural selection4.  

Hypothesis: Identifying the constraints on natural transformation will 
allow recombination events in the respiratory tract to be predicted and 
treatment failures to be prevented.  

Significance: The ability to anticipate gene transfer patterns will help researchers prepare for new strains 
of bacteria and guide the design of therapies that are less vulnerable to these changes, especially when 
applied to data from personalized and community studies of respiratory microbiota. Identification of the 
causal factors underlying these predictions may also allow interventions to prevent exchange. 

BACKGROUND 
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Gene transfer is the ultimate cause of most infection-control failures. The spread of antibiotic 
resistance is now officially one of the three greatest threats to human health5. The impact on respiratory 
tract (RT) pathogens is well documented. The chromosomal penA allele that now prevents treatment of 
Neisseria gonorrhoeae infections with cefixime is likely to spread to N. meningitidis6. A series of recent 
recombination events in Streptococcus pneumoniae have produced the multi-drug resistant vaccine-
escape serotype 19A strain now spreading through Canada and the rest of the world7. The spread of 
antibiotic resistance not only results in increased disease severity, morbidity and mortality, but also costs 
an additional $6000-$30,000 per hospitalized patient8. Gene transfer also spreads such clinically 
important traits as serum resistance, capsulation, and intracellular invasion and survival9, 10. For example, 
the serotype-specific vaccine that currently prevents Haemophilus influenzae meningitis is threatened by 
exchange of capsule-determining genes11.  
How gene transfer occurs. DNA transfer in bacteria is unidirectional, whether by conjugation, 
transduction or transformation (the focus of this proposal). In addition to replacing one chromosomal 
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allele with another, transformation can introduce foreign genes and large genetic islands if they are 
flanked on one or both sides by regions homologous to the recipient chromosome12, 13. Integrons and 
other resistance elements can also move from foreign DNA fragments into the recipient chromosome, 
and from there spread through the population by transformation14. 
Microbiota in healthy and diseased RT: A handful of pathogens cause most acute RT infections 
(pharyngitis, bronchitis, pneumonia). However, much more diverse populations cause morbidity and 
mortality in chronic infections in patients with asthma, chronic obstructive pulmonary disease (COPD) 
and cystic fibrosis (CF). The bacteria responsible for these infections also occur in normal RT, where 
they share an ecological niche with an enormous diversity of other bacteria. Most clinically important 
gene transfer likely occurs in the healthy RT rather than in infections, because of its diversity and the 
long residence times of these populations. Bacteria in the RT colonize the mucus layer that separates 
respiratory epithelial cells from the airway, where they form microcolonies and multispecies biofilms, 
binding to mucus glycoproteins, to each other and to host cell surfaces15. A study of 6 healthy adults 
identified 3431 distinct 16S rRNA sequences in the oral cavity, upper RT and lower RT16. Although 
other studies17, 18 have reported different proportions of species in different parts of the RT, these 
environments are typically interconnected by coughing, sneezing, swallowing and the ‘bronchial 
escalator’ (cilia-driven upward flow of respiratory mucus)16.  
Haemophilus influenzae: This project will focus on the small Gram-negative bacterium H. influenzae 
(Pasteurellaceae), a frequent cause of serious RT infections19. Its small well-studied genome, many 
sequenced isolates, and well-defined competence system facilitate studies of recombination. Its 
abundance and diversity in respiratory microbiomes create frequent opportunities for gene transfer, and 
the severity of the diseases it causes makes the results medically valuable.  
H. influenzae is an important pathogen: H. influenzae only infects humans. A normal component of 
upper RT microbiota and a frequent cause of RT diseases, it can also invade normally sterile tissues, 
leading to bacteremia, septic arthritis, cellulitis and especially meningitis in infants and small children; 
the latter has a 6% mortality rate and residual damage to hearing or intellect in about 50% of cases20. 
Meningitis rates have plummeted since the introduction of an effective vaccine against the type b 
serotype21, but other serotypes and ‘non-typeable’ strains continue to be major causes of childhood ear 
infections (otitis media), conjunctivitis and sinusitis, and of pneumonia in the elderly and people with 
CF, COPD and AIDS22, 23. First Nations populations are especially vulnerable, as are children in 
developing countries where the vaccine is not available24, 25.  
H. influenzae diversity and recombination: The RT offers many opportunities for recombination 
among and between commensal H. influenzae strains and closely related Pasteurellacean species. 
Analysis of samples from multiple sites in the mouth and throat found that Pasteurellaceae represent 6-
18% of the human oropharynx microbiome26. The microbiomes of 6 healthy people included 145 
distinguishable Pasturellaceae strains (!97% 16S identity), and another study found 179 different strains 
of just H. influenzae in 127 healthy children26, 27. Analysis of 25 otitis media isolates found evidence of 
extensive recombination in both housekeeping and LPS genes28.  
Tools for H. influenzae genetics and genomics: H. influenzae is a tractable organism for genomic 
work; its genome is small (~1.9 Mb) and contains almost no repetitive DNA apart from the 6 copies of 
the rRNA operon. Genome sequences are available for 20 strains and for five strains of the close relative 
H. haemolyticus. As with other bacterial species, different strains show extensive genetic variation: 
single-nucleotide polymorphisms (SNPs) and insertion/deletions (indels), inversions, and more complex 
rearrangements. Any two sequenced isolates typically differ at ~2-3% of alignable positions, providing 
~40,000 markers along the chromosome, and in several hundred genes [A]. Transformation is of course a 
powerful tool for genetic analysis, and we have used it with recombineering to fully characterize the 25-
gene competence regulon and generate useful mutants29-31. 
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Natural competence and transformation in H. influenzae: The different stages of transformation in H. 
influenzae and other Gram-negative bacteria are illustrated and numbered in FIG. 2 (also see 
http://bit.ly/9abvEL). Cells become competent to take up DNA when the competence regulon is induced 
by nutritional signals30, 32. DNA uptake then proceeds in two steps: (1) double-stranded DNA is taken up 
across the outer membrane into the periplasm, and (2) a single DNA strand is translocated through a 
rec2-encoded pore in the inner membrane into the cytoplasm (the other strand is degraded (3)). Once in 
the cytosol, single-stranded DNA can recombine into the recipient chromosome by RecA-catalyzed 
strand invasion (4); the resulting base-pair mismatches may be ‘corrected’ 
by mismatch repair (5). Individual competent cells can take up several 
large fragments of genomic DNA and the frequency of transformation by 
single-nucleotide changes is typically about 0.2-1.0% [A]. The following 
paragraphs describe processes affecting transformation that will be 
characterized and incorporated into a quantitative model that calculates 
the probability of uptake and transformation for any DNA sequence. (A 
schematic of the planned model is shown in Appendix FIG. A-1.)  
Competence development: The type 4 pilus genes required for DNA 
uptake are also required for colonization of RT epithelia, and are strongly 
expressed in vivo33. However, we have found dramatic difference between strains in their ability to take 
up DNA and become transformed [B]. In induced cultures of the standard lab strain Rd, competence 
appears to be all-or-nothing at the cell level, with 10-50% of cells highly competent and the rest not 
transformable cells (these can be eliminated by selection).  
DNA uptake (FIG. 2, STEP 1): This is highly sequence-dependent, preferentially beginning at ‘uptake 
signal sequences’ (USSs) (FIG. 3) highly overrepresented in genomes of all Pasteurellaceae, ~1/kb [C]34-36. 
Although USSs are often assumed to be absolutely required for uptake, they are better viewed as a 
sequence bias that helps the uptake machinery overcome the physical constraints imposed by stiff highly 
charged DNA molecules [D]. The importance of both transformation and uptake bias in the RT is 
confirmed by the reduced sequence divergence at USS positions seen when genomes of 20 H. influenzae 
strains are compared (unpublished data, FIG. A-2). FIG. 3 shows sequence logos of a. the USS motif 
derived from genomic sequences and b. the uptake bias we have 
directly measured using Illumina sequencing of a degenerate test 
fragment after uptake and recovery from competent cells [D]. The 
unexpected discrepancy between a. and b. suggests that unknown 
effects also make important contributions to uptake or transformation 
biases. These will be investigated in Aims 1 and 2. 
Translocation and strand degradation (FIG. 2, STEPS 2 AND 3): DNA that does not recombine is fully 
degraded by cytoplasmic nucleases, but little is known about other influences on translocation and strand 
degradation. Early studies reported degradation of about 1.5 kb at the 3’ end of the strand that enters the 
cytoplasm, and little or no degradation of its 5’ end37, 38. The responsible nucleases are not known; 
knockouts of recBC, recJ, recG and exoI do not affect transformation39, 40.  
Recombination (FIG. 2, STEP 4): Recombination between homologous sequences depends on the degree 
of identity between them. RecA coats ssDNA and efficiently synapses it with homologous sequences in 
the chromosome41, 42. This synapsis can initiate at either end of the coated filament or internally; if the 
latter, the region of synapsis can spread in both directions43. This extension happens in steps of ~80 bp 
(important in Aim 2) that are aborted if sequence homology is insufficient43. Mismatched bases strongly 
inhibit initiation but have much less effect on subsequent strand incorporation44. Chi sites are not 
expected to contribute to transformational recombination since one DNA is already single-stranded. 
Much less is known about the effects of indels (insertion/deletions) and other ‘structural’ variation. In 
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transformable bacteria, large insertions are recombined into recipient DNA about 10-fold less efficiently 
than single-nucleotide differences. 
To begin clarifying how sequence variation affects transformation, we have used high-coverage DNA 
sequencing to analyze the recombination tracts created when DNA of a divergent strain transformed 
competent cells of the standard Rd strain [A]. These four transformant genomes contained several long 
recombination tracts, recognized as regions of contiguous donor-specific alleles in the background of 
recipient alleles (also see preliminary studies). FIG. 4 shows a typical recombination tract, where blue 
donor DNA has replaced recipient sequences. Some donor-specific indels were acquired as parts of 
larger donor segments (green box), but others were located at tract breakpoints (orange box). (FIG. A-3 
aligns FIG. 4 to FIGS. 5 & 6, with a detailed legend.) This was the first genome-wide sequence analysis of 
bacterial recombination tracts; studies in S. pneumoniae and Helicobacter pylori have similarly found 
several long tracts, often gapped or including structural variation45, 46. Generating more quantitative 
information about how and why transformation varies across 
the chromosome is the focus of Aim 2. 
Strand segregation and mismatch repair (FIG. 2, STEP 5): 
Sequence differences also affect mismatch repair (MMR), with biases that have been only partially 
characterized47. The direct product of strand invasion is heteroduplex DNA, with one strand from the 
donor and one from the recipient; in the absence of repair, segregation of these strands at DNA 
replication will give each genotype to one of the two daughter cells. Although in principle repair could 
remove either strand (both have normal Dam methylation), MMR enzymes preferentially remove 
mismatched donor strands both during and after strand invasion48. Since strains defective in MMR are 
common in natural RT populations49, in Aim 2 we propose to investigate the contribution of MMR to 
transformation events.  
Free DNA in the RT: Transformation in the RT is of course dependent on the available DNAs. Even in 
healthy people, RT mucus contains very large amounts of DNA (~300 "g/ml), and in CF and COPD 
DNA becomes so concentrated that its viscosity hinders the flow of mucus50, 51. Although this DNA is 
primarily of human origin, the high concentrations of bacterial DNAs typical of biofilms are also 
expected in RT communities16. 
Summary: My laboratory is poised to develop a predictive model of H. influenzae transformational 
recombination in the RT (FIG. A-1), using our expertise in the molecular biology, bioinformatics, 
genomics, and evolution of natural competence and transformation. This model will take as input the 
genome sequences of DNAs and recipient strains, and use a detailed specification of the constraints on 
DNA uptake and recombination to calculate the probability of transformation at any point in the 
recipient genome. The result will allow researchers and clinicians to anticipate the spread of virulence 
genes through H. influenzae populations in respiratory tract communities. 

SPECIFIC AIMS  
1. Predict DNA uptake.  
2. Predict transformation.  
3. Test the predictability of transformation in an in vitro RT system.  

RESEARCH PLAN 
Overview: To further the long-term goal of anticipating gene transfer events in the human RT, we will 
characterize the critical sequence factors that affect the efficiency of transformation. These will be 
incorporated into a model that estimates the probability of transformation at any genome position and by 
any donor DNA. One known influence is the strong DNA uptake bias for the USS motif; Aim 1 will 
reevaluate this in a chromosomal context and test for other uptake biases that have been obscured by the 
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strong signal from the USS. Uptake biases alone cannot be responsible for the equally strong short-scale 
transformation biases described below (PS-iii; FIG. 6), so Aim 2 will investigate the sequence biases of 
homologous recombination and mismatch repair, and if necessary those of translocation and degradation. 
The final step (Aim 3) will be a formal test of the model’s predictions against the transformation 
frequencies seen in a simulated upper RT environment, aiming for a model that explains at least 80% of 
the observed variance in transformation frequency (TF). Below the general methods are described before 
our preliminary studies, since similar experiments and analyses are used throughout.  
Uptake and transformation methods: Aims 1 and 2 will use various combinations of (1) simple DNA 
uptake and transformation experiments using standard laboratory methods and (2) deep sequencing 
analysis of complex DNA pools recovered from experiments. Competence and transformation: Except in 
Aim 3, cells will be grown in supplemented brain heart infusion broth (sBHI), made competent by 
transfer to the standard starvation medium M-IV, and incubated with transforming DNA for 15 minutes 
before DNA recovery or plating on selective agar [E]. Aim 3 transformations will use mixtures of mucin 
and DNAs like those in the RT. Uptake: Our periplasmic recovery process cleanly isolates DNA after 
uptake but before translocation [D]. Uptake assays will use defined-sequence DNA fragments labeled 
with 32P or 33P, and cells will be extensively washed with DNase I before radioactive counting.  
Strains and DNAs: The recipient strain will usually be the standard Rd lab strain, sometimes carrying a 
rec1, rec2 or mutS knockout to block recombination, translocation and mismatch repair respectively; 
additional mutants can easily be constructed as needed by recombineering31. Some experiments will use 
the clinical strain PittDD52. Donor DNAs will usually come from clinical strains 86-028NP and PittGG 
[B]. Each donor genome will contain point mutations giving resistance to novobiocin (NovR) and 
nalidixic acid (NalR); selection for transformation at these loci eliminates non-competent cells without 
affecting transformation elsewhere on the chromosome [A]. Most transformation and DNA uptake assays 
will use either defined genetically marked or radiolabeled fragments, or H. influenzae chromosomal 
DNA. Chromosomal DNA preps have fragment sizes of 50-200 kb and before use will usually be 
restriction-digested or sheared (by BioRuptor, HydroShear or Covaris G-tubes). 
Illumina sequencing methods: DNA will be processed using standard library construction protocols for 
paired-end Illumina sequencing of short (~200bp) DNA fragments53. Briefly, DNA pools will be sheared 
by sonication, and multiplexed libraries will be constructed using the Illumina TruSeq kit. Sequencing 
will be performed by the UBC Biodiversity Centre or the Michael Smith Genome Sciences Centre, 
depending on cost and turn-around time. Yields currently provide nearly 20,000-fold coverage of the 
small H. influenzae genome and are expected to rise steadily over time. Where the yield from a single 
Illumina lane exceeds the needs of the experiment, libraries will be multiplexed for more economical 
sequencing. The proposed sequencing is tabulated in the Budget Justification.  
Analytical methods. Initial data processing will be done in Unix using standard reference-guided 
assembly methods (BWA, SamTools, GATK, and IGV) to map short reads to the recipient and donor 
reference sequences and to identify SNPs and SNP frequencies. Further analysis will use custom tools in 
the R statistical programming language; we have already developed some of these for [A] and [D], and 
are developing others with our bioinformatics collaborator Ira Hall. In uptake experiments, the depth-of-
coverage of each position will be compared between the input and recovered datasets; the high SNP 
density will allow correction for any contamination by the recipient chromosome. In transformation 
experiments, we will exclude sequencing errors that would otherwise be read as isolated donor bases by 
using only reads containing the 2 or more donor SNP alleles seen in true recombination tracts. This 
analysis will also identify reads containing putative recombination breakpoints. Other tools will exclude 
sequence alignment artifacts by comparing reciprocal alignment of individual read pairs to both donor 
and recipient references. Generalized linear models implemented in R will be used to disentangle the 
contributions of different sequence factors to uptake or transformation. (These models are essentially 
multivariate regressions, fitting potential explanatory variables to an observed dependent variable and 
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measuring their fit and significance.) The results will be combined in the full predictive model, again 
implemented in R. 

PRELIMINARY STUDIES (referred to below as ‘PS’)  
i. A model of DNA uptake: One product of [C] was a USS-

scoring matrix that evaluates how well a sequence fits the 
experimentally measured uptake bias. We used this matrix 
to score every position in the 86-028NP genome, and then 
used the scores to calculate uptake for fragments of various sizes. FIG. 5 shows the same 30 kb 
interval shown in FIG. 4; the sharp peaks seen for 250 bp fragments (red) are smoothed for 2.5 kb and 
6.5 kb fragments (blue and green, respectively), because these usually contain at least one high-
scoring USS. This pilot model is the starting point for Aim 1.  
   

ii. Quality control: The analyses below require meticulous tracking of the sequence variants that 
distinguish donor and recipient. We have improved the method used in [A], which combines whole-
genome alignment of reference sequences with control sequencing of donor and recipient strains to 
generate ‘gold-standard’ sets of variants containing about 90% of all apparent SNPs and indels. 
 

iii. Expanded analysis of recombination tracts: We have extended the work in [A] by identifying all 
the recombination tracts in 72 newly sequenced transformants. On average, clones had replaced 1% 
of their genomes, in 1-6 independent segments averaging 7.2 kb in length. Analysis of these tracts 
confirmed that they encompass regions of both high and low sequence identity and often end at 
indels. Some colonies consisted of two genotypes, one with and one without an unselected 
recombination tract, suggesting that heteroduplexes may be segregated without mismatch repair; this 
will be tested in Aim 2. 

 

iv. First genome-wide map of TF: Sequencing enough clones to 
measure how transformation frequency varies across the 
chromosome would be prohibitively costly. Instead we 
sequenced a pool of 10,000 transformed NovR colonies and 
scored allele frequencies at the 37,601 gold-standard donor 
SNPs. The ~20,000-fold coverage resolved transformation 
events from sequencing errors (blue and grey lines, 
respectively, in FIG. 6A; same interval as above) and revealed 
dramatic and reproducible differences in TF over distances as 
short as 100 bp. This variation is partially correlated with % 
sequence divergence (compare FIGS. 6A&B), but there are 
many discrepancies. These are unlikely to be due to the USSs, 
since input fragments had a mean length of 6.5 kb; Aim 2 will seek the causes of this variation.  

 

v. Efficient transformation in a simulated RT environment: We are developing growth and 
transformation conditions that simulate those in the RT, using mucin purified by extensive dialysis. 
Cells grow well, develop competence normally, and transform efficiently in liquid media containing 
1% mucin. We are now transforming and selecting cells in a thin layer of mucin medium separating 
agar-solidified medium from air (FIG. 7), a much better model for 
RT conditions than standard submerged biofilms. FIG. A-4 shows 
the efficient transformation obtained under these conditions.  

Aim 1 Predict DNA uptake. 
Overview: The biases of DNA uptake determine what DNA is available for transformation, and thus the 
effects of other strains and species on the genetic potential of competent bacteria. Characterizing these 
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biases is also a prerequisite for disentangling the effects of uptake and recombination. The uptake 
prediction map in FIG. 5 is the first in a series of increasingly sophisticated models we will develop for 
DNA uptake. In Stage I this map will be compared with actual maps of DNA uptake efficiency, 
generated using Illumina sequencing of chromosomal DNA fragments recovered from the periplasm of 
competent cells. Differences between the predicted and observed uptake maps will be identified and the 
causes investigated. In Stage II more complex variables will be investigated with new experimental 
maps generated using different donor strains and species, different recipient strains, and complex 
mixtures of DNAs. This data will give a detailed robust uptake-prediction model for any H. influenzae 
strain and any input DNA.  
Stage I. Investigating the effects of USS and other sequences: Uptake of a given SNP depends on the 
presence of USSs on the fragments it occurs in. The scoring matrix used to generate the uptake map in 
FIG. 5 is based on data for a single 200 bp fragment with only 32 variable bp, but little is known about 
how fragment length and USS number affect uptake. We will therefore generate new uptake maps using 
chromosomal DNA preparations of four fragment sizes (0.25, 2.5, 6.5 and >20 kb). This will provide the 
uptake efficiency of each donor DNA position, but individual fragment ends will only be known for the 
0.25 kb dataset, since larger fragments will have been further sheared before sequencing. Thus we will 
also test populations of fragments with precisely known ends generated by predigesting donor DNA with 
one of six restriction enzymes. Since these assays will need only modest sequence coverage, 12 input 
and recovered samples can be tested in parallel and combined in one lane of sequencing.  
The H. influenzae genome contains about 1 USS per kb, so most 0.25 kb fragments will have 0 or 1 USS, 
while larger fragments will usually have several. Thus we expect to see large differences in uptake 
between different 0.25 kb fragments, but much less dramatic differences in the larger fragment datasets 
(FIG. 5). The 0.25 kb data will reveal (1) how uptake efficiency differs between single USS variants, (2) 
effects of any non-USS sequences that promote uptake, and (3) effects of any sequences that inhibit 
uptake (see also caveat). Differences between the predicted and observed maps for the large-fragment 
and restricted-DNA datasets will reveal effects of interactions between USS. The sequence and 
fragment-size factors identified in these whole-genome experiments will then be specifically tested in 
standard uptake experiments with defined fragments, allowing the effect of each factor to be measured 
without interference from others (as in Fig. 8 of [C] and Fig. 2 of [D]).  
Example: The initial model assumes that a fragment’s highest-scoring USS determines its uptake. If 
uptake peaks are found to be higher than predicted whenever two USSs are on the same fragment 
(restricted-DNA dataset) or close enough to be on the same fragment (non-restricted datasets), both 
USSs must contribute to uptake, so the model would be modified to include this interaction effect. The 
size of this effect would then be evaluated in uptake assays using radiolabeled fragments that differed 
only in how well their two USSs matched the consensus. The results would provide the values used by 
calculations in a more refined version of the model. 
Stage II. Investigating uptake effects in RT communities: H. influenzae populations in the RT are 
typically diverse, so the model must be applicable to many different recipient and donor strains. 
Uptake by a different H influenzae recipient strain: To test the critical expectation that strains do not 
differ in uptake specificity, the above experiments will be repeated using as recipient a rec2 derivative of 
strain PittDD (chosen because of its high DNA uptake). Any deviations from the model’s predictions can 
be further investigated using other recipients. If the level of DNA uptake does not limit the experiment’s 
sensitivity, we will also test as recipient another strain with low uptake [B]. 
Uptake of DNA from different donors: If the uptake model is robust, its predictions should apply to any 
donor DNA. We will test DNAs from each of 5 other H. influenzae strains (PittGG, PittDD. R2866, 
PittAA and Eagan) [B], multiplex sequencing making this economical. If any differences are found, 
DNAs from other strains can be tested. Because other Pasteurellaceaen genomes are also enriched for the 
H. influenzae USS54, 55, we will test DNAs of the respiratory pathogens H. haemolyticus and H. 
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parainfluenzae and of the oral pathogen Actinobacillus actinomycetemcomitans, as these are good 
surrogates for the diverse Pasteurellacean species in the RT. Finally, because RT environments contain 
abundant human DNA and other DNAs not enriched for any USS, we will test uptake of commercially 
available human DNA. 
Uptake of DNA from complex mixtures: In RT microenvironments, H. influenzae DNA must compete 
with abundant human DNA as well as DNAs of other bacteria. USSs occur in these DNAs, but at the 
much lower densities predicted by their base compositions (e.g. the human genome contains ~1 USS per 
30 Mbp). The final tests will evaluate three levels of competition (i) intraspecific, using a mixture of the 
five previously tested H. influenzae strains (ii) interspecific, using a mixture of these with DNAs from 
the three other Pasteurellaceae species, and (iii) interdomain, using a mixture of all these plus 90% 
human DNA. These will, respectively, test for (i) competition between variants present in different 
strains, (ii) the potential for horizontal transfer of virulence genes evolved in other Pasteurellacean 
species, and (iii) interference by host DNA. 
Caveats: (1) If the observed uptake maps are substantially different from the predictions, unbiased 
motif-searches will be used to find unanticipated uptake motifs. (2) DNA sequences that inhibit DNA 
uptake may have been depleted from the H. influenzae genome over its many millions of years of biased 
DNA uptake [D]. They can also be sought in fragments of ‘foreign’ chromosomal DNA that have been 
ligated to a perfect-consensus USS. (3) If ethical issues preclude sequencing human DNA, we will 
instead use calf thymus DNA. (4) No analytical methods exist to identify the sources of DNA taken up 
from mixtures; these will need to be developed. 
Outcomes: This work will give a robust predictive model of the DNA uptake pathway’s biases, a 
prerequisite for inferring recombination biases from the transformation data analyzed in Aim 2. The 
results will have been validated with multiple donors and recipients. The immediate utility of this model 
is its ability to give the probability that any sequence variant from any pool, allowing it to be used to 
predict the spread of antibiotic resistances and other virulence determinants through H. influenzae 
populations. In the future, this could lead to clinical applications using specific DNAs that block genetic 
exchange or genetically modify the RT microbiota.  

Aim 2. Predict transformation  
Overview: The dramatic differences in transformation frequency seen in FIG. 6A indicate that alleles at 
different loci may spread through H. influenzae populations at very different rates, with obvious 
implications for the evolution of virulence determinants. This Aim will produce a quantitative model that 
predicts transformation frequency of any donor sequence into any recipient chromosome (FIG. A-1). This 
model will incorporate the uptake biases elucidated in Aim 1 as well as the effects of sequence 
divergence and other chromosomal properties measured here. This process will be ongoing - new 
quantitative relationships will be incorporated into the transformation model, whose predictions will then 
be re-tested against the various TF datasets. (Note that this is iterative but not circular.) Stage I will 
analyze the TF data of PS-iii and -iv and of a parallel experiment with unselected cells. This will refine 
the analytical methods and guide design of subsequent experiments. As in Aim 1, Stage II will then use 
different donor strains and species and different recipient strains to disentangle the many variables 
affecting transformation. 
Stage I. Preliminary analyses: Analysis will begin with the relationship between TF and % nucleotide 
identity, quantifying the correlations seen between FIGS 6A & 6B. Since identity is sensitive to the length 
of the interval being compared, it will be scored over a wide range of window sizes, but especially the 80 
bp suggested by RecA studies43. At this stage we will also begin the ongoing development of the more 
complex analytical methods that will be used below. Generalized linear models will analyze the 
correspondence between the observed TFs and other features of the 86-028NP donor and Rd recipient 
chromosomes, such as correlations of TF with proximity to indel/rearrangement differences of different 



!"#$%&'(&%&) *+,-./0.12)2,1,)0+3145,+).1)+,46.+307+8)0+3/0)93/0,+.3) :;(<;(&)

! ! ! :!

sizes. Gibbs motif sampling will look for short sequence motifs strongly associated with high and low 
TFs; this will be especially valuable for chromosomal features whose locations are not conserved 
between strains.  
At the same time a parallel TF dataset will be generated from unselected competent cells pooled just 2 hr 
after DNA uptake. This data will be free of artefacts due to unequal growth and survival of different 86-
028NP-Rd recombinants, although less sensitive due to the inclusion of cells that did not take up any 
DNA. A recA- recipient control will detect unrecombined donor dsDNAs that persist in the periplasm; 
this control may also identify sequence features that block translocation (see below). If significant 
differences are seen in TFs measured before and after growth into colonies, the experiments described 
below will be done with (or replicated with) cells pooled without selection.  
Stage II. Characterizing the sequence biases of transformation: Different donor DNAs: Factors 
affecting the efficiency of recombination fall into two classes. In the first are the many sequence 
differences between donor and recipient that affect the efficiency of strand invasion and the extent of 
MMR (densities and types of SNPs, indels, complex insertion/deletions and rearrangements). In the 
second are sequences shared by donor and recipient but varying along the chromosome (local base 
composition and nucleoid structure, sequence motifs, proximity to the origin of replication, and direction 
and frequency of transcription). A powerful way to separate these factors is comparison of donor DNAs 
from independently diverged strains. We will generate TF sequencing data (from pooled cells or from 
100,000 selected colonies) for strains from 5 branches of the H. influenzae phylogeny (the same strains 
used in Aim 1-II) [B]. Generalized linear models will be applied to the combined data, measuring the 
amount of TF variance explained by each factor, and its significance. We will also obtain or create 
antibiotic-resistant strains of H. haemolyticus, H. parainfluenzae and A. actinomycetemcomitans and 
transform their DNA into H. influenzae strains, using selection and sequencing to investigate the 
constraints on recombination. These species’ greater sequence divergence with H. influenzae will 
directly measure the probability of horizontal gene transfer from these pathogens to H. influenzae. 
Factors making significant contributions to the variation in TF will be validated by experiments using 
standard defined-fragment transformation assays. 
Example: Preliminary analysis of the sequencing data might indicate that segments with 5 or more 
mismatches were associated with low TFs. A systematic reanalysis of these SNP-cluster segments would 
then be used to clarify the relationship, perhaps finding that TFs were particularly low when mismatches 
were tightly clustered rather than separated by strings of matches. Transformation assays with cloned 
novR fragments carrying dispersed or clustered mismatches (in the noncoding sequence just upstream of 
the novR point mutation) could then be used to measure the effect as differences in NovR TF. 
Different recipients: The generality of the above results will be tested using different recipients, focusing 
on strains with different levels of DNA uptake or transformation (e.g. Eagan, PittAA [B]). An experiment 
that simply reverses the roles of donor and recipient will be especially powerful, since any differences in 
local TF would point to (i) different recombinational constraints for the RecA-coated donor strand and 
the base-paired recipient strands, and/or (ii) biochemical differences in the recombination machinery of 
the two strains. Finding no significant differences would eliminate these factors from consideration, 
focusing attention more strongly on the roles of sequence divergence and chromosomal features.  
Mismatch repair: Strains defective in MMR can comprise up to 15% of H. influenzae isolates in cystic 
fibrosis patients56. Prevalence of such ’mutator’ strains is usually attributed to selection for new 
mutations, but for competent bacteria they may also act to increase lateral gene transfer between 
divergent strains and species (in E. coli, MMR mutants have this phenotype). TF analysis in a mutS 
recipient will identify the extent to which the mismatch repair machinery constrains exchange to between 
highly similar sequences, and any sequence biases of this. While our mutS mutant transforms normally 
with singly marked DNA, heterologous DNAs have not been tested. Observed sequence biases in the 
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activity of MMR will be incorporated into the model, discounted for the expected frequency of MMR-
defective strains in natural populations49.  
Other biases: If the model’s predictive power remains below the goal of explaining 80% of the variance 
in TF, we will look for biases in translocation and strand degradation. The recA control above will have 
identified any DNA sequences that remain double-stranded because they have not been translocated. 
This can be supplemented by a time course of translocation, exposing cells to DNA for only 5 min (stop 
by adding DNase I), and following the disappearance of sequences from the periplasmic fraction over the 
next hour. Direct analysis of translocated DNA strands will be more difficult since this requires the 
recovery of single-stranded DNAs from the cytoplasm before they can be degraded or recombined. We 
will optimize this procedure using an 8 kb fragment carrying the novR allele and a recA- recipient. Once 
optimized, the method could be applied to restricted 86-028NP chromosomal DNA fragments. 
Caveats: Functional constrains on sequence divergence may complicate interpretation of the strain 
comparisons; new analytical methods will be needed to control for these. Because TFs are expected to be 
lower with H. haemolyticus and A. actinomycetemcomitans DNAs, transformants may need to be 
selected for NovR and NalR, with analysis focusing on these sections of the genome. We can also use 
recombineering31 to insert selectable markers in any potentially informative chromosomal context in Rd 
or other H. influenzae strains. 
Outcomes: Understanding why some genes recombine more than others will shed light on the different 
evolutionary histories of virulence genes. Identification of recombination hotspots and coldspots will 
both reveal evolutionary mechanisms and suggest new strategies for limiting harmful recombination.  

Aim 3. Test the predictability of transformation in an in vitro RT system.  
Rationale: To be useful, the transformation-prediction model developed in Aims 1 and 2 should reliably 
give the probability of clinically relevant recombination events in the RT. In Stage I we will refine our 
in vitro transformation system, adjusting culture conditions to closely mimic those of the RT. In Stage II 
the robustness of our model’s predictions will be tested in this system. 
Stage I. An in vitro system of RT transformation: Standard conditions for H. influenzae 
transformation are very unlike those in the RT, where H. influenzae lives in the mucus layer that 
separates epithelial cells from inspired air. We have developed a simple simulated RT system with 
efficient transformation of cells cultured in a layer of 1% mucin and DNA at the interface between air 
and agar-solidified brain-heart infusion (PS-v). The first step will be to modify the defined H. influenzae 
culture medium described by Coleman et al.57 to more closely resemble RT conditions identified by 
analysis of bronchoalveolar lavage fluid58. We will use our detailed understanding of the regulation of 
competence to ensure that these conditions permit the development of competence and frequent 
transformation known to occur in the RT, testing for transformation by antibiotic-resistance alleles [E]. 
Depending on the results of Aims 1 and 2, the mucin layer will be supplemented with appropriate 
concentrations and mixtures of DNAs. Since high DNA concentrations can have chemical and 
biochemical effects independent of their information content, we will collaborate on this with Shawn 
Lewenza, who has extensive experience with culturing cells in the presence of free DNA59, 60.  
Stage II. Testing the model: The predictive model developed in Aims 1 and 2 will provide a probability 
that each sequence variant in the donor DNA will transform a recipient chromosome.The final step of 
this work will be to test the model’s ability to predict genome-wide transformation frequencies under the 
RT conditions established above. Cells on the RT plates developed above will incubated with the same 
mixture of potential donor and human DNAs used in Aim 1-II. The RT system gives lower TFs than the 
standard starvation protocol; these are likely more representative of real-world conditions, but they lower 
the sensitivity of the sequencing analysis. If sequencing has become sufficiently sensitive, all the cells on 
the plate will be pooled after 6 hr incubation and their DNA sequenced. Otherwise transformants will be 
first selected for antibiotic resistance alleles provided in the genomes of potential donors.  
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Caveats: As in Aim 1, the analysis will be complicated by the mixture of donor DNAs. The expected 
low TFs make this experiment especially sensitive to contamination by unrecombined donor DNA. 
Recovered cells will be exhaustively washed with DNase I, and levels of contamination independently 
checked with tracer DNAs that contain USSs but cannot recombine.  
Outcomes: This is the culmination of the whole project. The ability to culture and transform cells under 
simulated RT conditions will provide an economical and convenient alternative for some experiments 
currently using tissue culture or animal models.  

SIGNIFICANCE AND FUTURE DIRECTIONS:  
It is time to begin anticipating genetic exchange rather than just reacting to it.  

My group has the unique combination of experimental, modeling and bioinformatics skills needed for 
this work. By designing the uptake and transformation experiments to provide data for the model, we 
avoid the difficulty of consolidating data from different laboratories that used different methods for 
different goals. The graduate students trained in this integrated approach will be valued additions to the 
pool of highly qualified personnel. The work is also highly feasible. Our publications and preliminary 
studies demonstrate our ability to analyze, and interpret the high volumes of genomic data they generate. 
Furthermore, the experiments are independent; problems with one would not affect success of the others.  
In addition to publishing the results in appropriate journals, we will facilitate use of the model by 
creating an on-line resource where researchers and clinicians can input information about donor strains 
and potential recipients, obtaining a genome-wide map of predicted transformation frequencies.  

Many clinically relevant applications are possible. Anticipating the rise of resistant strains during 
antibiotic therapy: Given a choice between two antibiotics, clinicians could choose to avoid those with 
resistance likely to arise by recombination between strains common in the healthy population. 
Anticipating long-term consequences of vaccination programs: Current vaccines target capsule antigens, 
but these are known to change by recombination. A model of recombination can be used to focus clinical 
and epidemiological studies to the variants most likely to arise. Manipulating DNA uptake: Uptake of 
beneficial genes could be promoted by introducing designed DNAs into the RT, and conversely, the 
ability to block DNA uptake in pathogens could prevent the spread of harmful alleles.  Controlling 
exchange events in personal microbiomes: The plummeting costs of genome sequencing may soon allow 
sequencing of the microbiomes of individuals at risk of serious respiratory infections. The model would 
then permit genetic changes to be predicted and perhaps manipulated. 
This work will provide a great deal of information about the biology of DNA uptake and transformation. 
The analyses we propose can readily be extended to other competent bacteria, first respiratory pathogens 
(N. meningitidis, S. pneumoniae), then others (Vibro cholerae, Helicobacter pylori, Campylobacter 
jejuni, Staphylococcus aureus). Most of the recombinational results are expected to apply to other 
species, with minor modifications, and differences in uptake effects can be investigated using the 
methods we have pioneered.  
Genetic exchange is the biggest challenge to current prevention and therapeutic interventions, and our 
laboratory is the best prepared to begin the assault on it. 
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My laboratory studies natural competence and transformation, mainly in the bacterium Haemophilus 
influenzae. We have achieved our current grant’s objectives on the regulation of competence, and are 
now focusing on its consequences and their clinical impact. By dissecting the different steps that affect 
the probability of transformation, we aim to better predict and therefore prevent its outcomes. 
PROGRESS TOWARDS THIS PROPOSAL'S AIMS 
The following published studies provide a foundation for the work we propose (see CV publication list):  
1. Genomic uptake sequences: Analysis of genomic uptake sequences identified two Pasteurellacean 

clades and found no obvious differences between H. influenzae and its close relatives (Redfield 
2006). Additional analysis of uptake sequences showed selection for minimal interference with 
protein coding, and evidence of ongoing impact of biased DNA uptake on genome and proteome 
evolution (Findlay 2009). A model of uptake sequence evolution (Maughan 2010) confirmed that 
they accumulate passively as an indirect result of uptake bias, and identified the parameters 
underlying this accumulation.  

2. Uptake bias: Maughan (2010) also measured actual uptake specificity by comparing uptake of 
individual synthetic DNA constructs. We have now developed a powerful deep-sequencing method to 
characterise uptake bias at high resolution (Mell 2012); this will be extensively used in the new work.  

3. Recombination: We have used deep sequencing to fully characterize recombination tracts, thus 
measuring the genome-wide consequences of competence (Mell 2011). 

4. Population biology of natural competence: We characterized extensive variation in competence 
development, DNA uptake and transformability in 25 disease-causing strains of H. influenzae 
(Maughan 2009), and in two other pathogenic Pasteurellaceae (Bosse 2009, Kristensen 2012). 

5. Mutant construction: We have improved a ‘recombineering’ protocol for mutant construction, 
allowing us to place selectable markers at any point in the chromosome for studies of recombination 
(Sinha 2012b) and to make clean knockout mutants for this new work (rec1, rec2, mutS). 

6. Tools for sequence analysis: We have developed powerful new analytical tools and strategies for 
deep-sequencing analysis of DNA uptake and transformation, detailed in Mell 2011 and Mell 2012. 

Together these studies show the feasibility of our current proposal. We have also generated extensive 
unpublished data pertinent to this proposal (described in more detail there): chacterization of a genome-
wide transformation frequency map, analysis of 92 additional transformants following the work of Mell 
2011, and the development of a transformation system that more closely mimics in vivo conditions. 
PROGRESS UNDER THE CURRENT OPERATING GRANT: Regulation of CRP-S promoters 
in H. influenzae and E. coli (5 yr, $127,567, expires Sept. 2012) 
Five published papers together address all three of this project’s questions:   
1. How is sxy regulated in H. influenzae? We have characterized both transcriptional and translational 

regulation (Cameron 2007, 2008a, 2008b). In addition, we are now finishing work showing that 
purine depletion triggers Sxy translation (Sinha and Redfield, in prep). 

2. How is sxy regulated in E. coli? Initial characterization of competence and its regulation in E. coli 
showed that, like H. influenzae, E. coli has a functional CRP-S regulon controlled by Sxy and CRP 
(Sinha 2009), and that its genes encode a weakly functional DNA uptake machinery (Sinha 2012a).  

3. How does Sxy activate transcription in H. influenzae and E. coli? Complementation tests showed that 
Sxy’s function is broadly conserved between these divergent species (Cameron 2006, 2008b, Sinha 
2009), and work in both H. influenzae and E. coli confirmed that physical interactions between Sxy 
and CRP are essential for transcriptional activation of CRP-S genes (Sinha 2009).  

Two additional papers extend our results to other species: Bosse (2009) showed that Sxy also regulates 
competence in Actinobacillus pleuropneumoniae, and Kristensen (2012) characterized the competence 
of Gallibacterium anatis and developed a transformation protocol for this previously untransformable 
species. 



Responses to Reviews  
 
The proposal we are submitting is not a revision of our unsuccessful proposal to investigate the 
mechanism of DNA uptake, but a completely new proposal to identify the factors that determine 
which DNA sequences are taken up and recombined into recipient genomes.  Although many of 
the reviewers’ comments on the previous proposal are no longer applicable, we have taken 
advantage of as much of their advice as possible. 
 

• The new proposal includes an explicitly stated and highlighted hypothesis.   
 

• The Progress Report now separately describes results relevant to the aims of this new 
proposal and results that directly address the goals of our previously funded proposal on 
the regulation of competence in H. influenzae and E. coli. 
 

• All components of the new proposal are areas for which we have demonstrated expertise 
and preliminary data.  (We had less experience with investigating the macromolecular 
transport mechanisms that were the focus of the previous proposal.) 
 

• This new proposal more directly addresses clinical goals, whereas the previous proposal 
had limited clinical relevance. 
 

 
 
 
 
 
 
 


