A AMERICAN Journal of
=4 Maosowaer Clinical Microbiology®

Population Dynamics of Staphylococcus
aureus in Cystic Fibrosis Patients To
Determine Transmission Events by Use
of Whole-Genome Sequencing

Andrea Ankrum,? Barry G. Hall®

Department of Infection Prevention and Control, Infectious Diseases Division, Cincinnati Children's Hospital
Medical Center, Cincinnati, Ohio, USA?; Bellingham Research Institute, Portland, Oregon, USAP

ABSTRACT Strict infection control practices have been implemented for health care
visits by cystic fibrosis (CF) patients in an attempt to prevent transmission of impor-
tant pathogens. This study used whole-genome sequencing (WGS) to determine
strain relatedness and assess population dynamics of Staphylococcus aureus isolates
from a cohort of CF patients as assessed by strain relatedness. A total of 311 S. au-
reus isolates were collected from respiratory cultures of 115 CF patients during a 22-
month study period. Whole-genome sequencing was performed, and using single
nucleotide polymorphism (SNP) analysis, phylogenetic trees were assembled to de-
termine relatedness between isolates. Methicillin-resistant Staphylococcus aureus
(MRSA) phenotypes were predicted using PPFS2 and compared to the observed
phenotype. The accumulation of SNPs in multiple isolates obtained over time from
the same patient was examined to determine if a genomic molecular clock could be
calculated. Pairs of isolates with =71 SNP differences were considered to be the
“same” strain. All of the “same” strain isolates were either from the same patient or
siblings pairs. There were 47 examples of patients being superinfected with an unre-
lated strain. The predicted MRSA phenotype was accurate in all but three isolates.
Mutation rates were unable to be determined because the branching order in the
phylogenetic tree was inconsistent with the order of isolation. The observation that
transmissions were identified between sibling patients shows that WGS is an effec-
tive tool for determining transmission between patients. The observation that trans-
mission only occurred between siblings suggests that Staphylococcus aureus acquisi-
tion in our CF population occurred outside the hospital environment and indicates
that current infection prevention efforts appear effective.
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taphylococcus aureus colonization in populations with chronic illness can often lead

to repeated infections and severe disease. Patients with the genetic disease cystic
fibrosis (CF) are especially vulnerable due to the very nature of their illness, in which
thick mucus in the airways provides for an enriched environment suited to bacterial
survival and colonization while allowing for evasion of host immune defenses (1, 2). S.
aureus is known to be one of the first pathogens to colonize CF lungs with a 69%
prevalence rate, peaking at ages 11 to 15 (3). S. aureus is typically isolated first from the
upper airways of CF patients, and in many cases, colonization of the lower airways
follows (3, 4). Repeated or chronic antibiotic usage that is common in the CF population
may influence colonization by disturbing the normal upper respiratory microbiome,
allowing S. aureus to invade and persist. Once colonization is established in the lungs,
eradication efforts are typically unsuccessful and single-strain persistence is thought to
occur (5, 6), with only a small percentage of colonized CF patients showing evidence of
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strain replacement (7). Unfortunately, there is an upward trend toward acquisition of
methicillin-resistant strains (methicillin-resistant Staphylococcus aureus [MRSA]), with
prevalence increasing from 12% in 2003 to 26% in 2013 (8, 29). MRSA colonization is
associated with poorer health outcomes in CF patients than colonization with methicillin-
sensitive S. aureus (MSSA) (9, 10).

MSSA and MRSA strains are easily spread in daycares and schools and have been
implicated in health care-associated outbreaks in intensive care units (ICUs) and nursing
homes (11-13). In health care facilities, patients utilize the same clinic space, equip-
ment, and hospital rooms, which increases the risk of transmission of bacteria (14, 15).
Because of their vulnerability, there has been a particular effort to decrease the risk of
pathogen acquisition from the health care environment among the CF patient popu-
lation. Infection control guidelines attempt to minimize cross-contamination between
patients by enforcing strict rules and protocols, which limit patient interactions, man-
date isolation gowns and gloves for staff, and require cleaning and disinfection of high
touch surfaces and equipment between patients (16). Breeches in protocol can place
patients at risk for acquisition of pathogens, such as MRSA. In order to assess the
effectiveness of these infection control guidelines, monitoring the frequency of trans-
mission events between CF patients in health care settings is warranted. A transmission
event has occurred when the same strain has been isolated from one or more patients.
Recently, outbreak investigators have begun to utilize whole-genome sequencing
(WGS) technology to determine relatedness between isolates in a patient population to
identify transmission events (17, 18). Since the resolution is at the DNA level, detection
of single nucleotide polymorphisms (SNPs) between isolates can be observed and
analyzed in order to calculate the degree of genetic relatedness.

We have taken advantage of a 22-month study of 301 S. aureus isolates from 115
patients at the Cystic Fibrosis Center of the Cincinnati Children’s Hospital Medical
Center (CCHMC) to assess the effectiveness of the infection control program by
comparing WGS of those isolates. We compared the relatedness of isolates from the
same patient, from sibling patients, and from unrelated patients. The degree of
relatedness among a single patient’s isolates was used to determine a criterion,
measured in number of SNP differences between isolates, for being the “same” strain.
We also addressed the issue of genetic variation of a colonizing MRSA strain over time.

RESULTS

From April 2014 to February 2016, 301 S. aureus isolates were collected from 115
unique CF patients, including 13 pairs of siblings. A total of 212 isolates from 70
patients were identified as MRSA by the clinical laboratory, and 60 isolates were
identified as MSSA with 45 of these isolates retained from unique patients and the
remaining 15 isolates originating from the MRSA patients. A MRSA isolate was retained
from all CF patients who had a positive culture during the study period while only a
small sample of MSSA isolates were saved. Twenty-four of the isolates were first-time
MRSA positives (34%; n = 70). Ten patients had MRSA acquisition a year or less from the
saved isolate (14%; n = 70). The remaining 38 patients had established MRSA coloni-
zation more than 1 year prior to collection of the study specimen (54%; n = 70). Many
of the first time positive and newly positive patients established colonization during the
study period by meeting the colonization definition. Demographics of study patients
are described in Table 1.

Phylogenetic analysis. The total data set consisted of 367 S. aureus genome
sequences and included 301 sequences from CF patients, 31 sequences from abscesses
or blood, and 35 finished (closed) reference sequences from GenBank (see Fig. S1 in the
supplemental material). Genomes whose names begin with “Patient” were obtained
from CF patients, those whose names begin with “Blood” or “Abscess” were obtained
from non-CF isolates, and those whose names begin with “Saureus” are reference
genomes. Samples from the same CF patient are identified by the patient number with
a letter suffix indicating the order in which they were isolated. Phylogenetic analysis
revealed that genomes do not cluster together based on the source of the sample;
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TABLE 1 Demographics of study patients

Patient characteristic

Median age No. with CFTR?
(yr [range]) at Gender No. colonized mutation AF508
Infection beginning of study  (male/female) (%) genotype (%)
MSSA (n = 45)  11.6 (0-20) 24/21 37(82) 44 (98)
MRSA (n = 70) 10.3 (0-21) 30/40 48 (69) 58(83)

aCFTR, cystic fibrosis transmembrane conductance regulator.

samples from CF patients are interspersed with blood, abscess, and reference strains.
Figure 1A shows several examples of multiple isolates from the same patient. In most
cases, those isolates form monophyletic clades. The isolates from patients 032 and 034
are an exception to that rule. These patients are siblings, and the topology of the 032
and 034 clade suggests that these patients have frequently exchanged strains over the
course of their colonization. Figure 1B shows a clade that includes two examples of
multiple isolates from the same patient. Patients 246 and 247 are siblings, but in this
case, the individual patient clades are monophyletic, indicating that they did not
exchange strains but that both were initially infected by the same strain.

What do we mean by “the same strain”? Strain relatedness was investigated by
analyzing the number of SNP differences between all pairs of genomes from CF
patients, allowing us to directly address the issue of what is meant by the “same” strain.
The data set included nine isolates that had been independently sequenced twice.
Those are most certainly sequences of the same isolate. Those replicate sequencings
are shown in Table S3 in the supplemental material in red type face and have IDs such
as Patient053A1 and Patient053A2, indicating that the isolate designated Patient053
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FIG 1 Subclades from parsimony tree in Fig. S1 in the supplemental material. (A) Representative clade from the tree shown in Fig. S1 illustrating examples of
isolates from the same patient and isolates from sibling patients 032 and 034. All isolates from the same patient are monophyletic, and the isolates from the
sibling patients also form a single clade. (B) Another clade from the tree in Fig. S1 showing isolates from a pair of siblings. Each sibling clade is monophyletic,

and the two clades are derived from a common ancestor that infected both patients 246 and 247.
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was sequenced twice. If genome sequencing was perfect, there would be no differ-
ences between replicate sequences of the same isolate. In fact, replicate sequences had
a mean of 2.6 = 0.6 SNP differences (range, 0 to 6 differences). Thus, the “same” cannot
be equated to identical sequences. The data set also included serial isolates from 55
patients collected over the 22-month period. These isolates were expected to be the
same clone based on previous longitudinal studies. Additionally, there were 13 pairs of
genomes from siblings, which in the case of our cohort represented children living
together. These data indicate that siblings are likely to exchange S. aureus strains or to
have initially been infected by the same S. aureus strain. The WGS results from this data
set allowed us to develop definitions for strain relatedness. Table S4 in the supple-
mental material gives the number of SNP differences for all pairs of CF genomes, with
pairs being listed in increasing order of number of SNP differences, and Fig. 2A shows
the distribution of those differences. All pairs with =71 differences are either from the
same patient or from siblings. Thus, it is reasonable to define the “same” strain as
isolates with =71 SNP differences (Fig. 2B). Of the 525 such pairs, 431 (82%) are from
the same patient and 94 (18%) are from siblings. We define pairs with 72 to 123
differences as being “very closely” related (Fig. 2B). Of the 229 very closely related pairs,
7 (3%) are from the same patient, 24 (10.5%) are from siblings, and the remaining 86.5%
are from unrelated patients. We define “closely” related pairs as having 124 to 156
differences (Fig. 2B). None of the 1,163 closely related pairs are from the same patient,
2 (0.17%) are from siblings, and the remaining 99.9% are from unrelated patients. We
define “distantly” related pairs as having 157 to 1,514 SNP differences (Fig. 2C). Of the
15,618 distantly related pairs, 5 (0.032%) are from the same patient and none are from
siblings. The 24,479 pairs with 5,957 to 21,644 differences are considered to be
unrelated. The presence of unrelated isolates in a single patient (see Table S5 in the
supplemental material) clearly represents superinfection events. There are 47 examples
of a patient being superinfected by an unrelated strain. There are also 16 instances in
which siblings were infected by unrelated strains.

Predicting the MRSA phenotype. WGS data were also examined to identify SNPs
that are casually associated with the MRSA phenotype. Based on 100 replicate runs, the
accuracy with which PPFS2 predicted the MRSA phenotype was 0.986, the positive
predictive value (fraction of those predicted to be MRSA that actually were MRSA) was
0.994, and the negative predictive value (fraction of those predicted to be MSSA that
actually were MSSA) was 0.967. In Fig. S1, the strains predicted to be MRSA are shown
in red typeface while those predicted to be MSSA are shown in black typeface. The
three strains in which there is a conflict between the predicted phenotype and the
experimentally determined phenotype are enclosed in boxes. The phenotypes of 216
isolates from CF patients were physically determined. The accuracy, PPV, and NPV are
based on comparison of predicted phenotypes with those known phenotypes. The
Patient013 isolate is predicted to be methicillin sensitive but is in fact methicillin
resistant (Table S3). It carries an intact mecA gene, which causes the MRSA phenotype.
The Patient013 isolate is located solidly within a methicillin-sensitive clade (Fig. S1),
suggesting that mecA may have been recently acquired by horizontal transfer into an
otherwise methicillin-sensitive genetic background. Conversely, the Patient092G isolate
is predicted to be methicillin sensitive (MSSA), but it is actually methicillin resistant. It
also carries the mecA gene and is located within a clade that is entirely MRSA. That
clade consists entirely of isolates from the same patient (Patient092). The number of
SNP differences between Patient092G and other members of that clade is small enough
to be confident that all members of that clade are the same strain. It is unclear why
PPFS2 predicted Patient092G to be MSSA. The Patient034B isolate is predicted to be
methicillin resistant but is in fact methicillin sensitive. The MSSA phenotype may be
accounted for by a deletion of base pairs —43 through —28 upstream of the initiation
codon of mecA. We assume that this substantial deletion within the mecA promoter
region may account for the MSSA phenotype by a failure to express the intact mecA
gene. The phenotypes of the abscess and blood isolates were not physically deter-
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FIG 2 Distributions of pairwise SNP differences. (A) All pairs. (B) Pairs with 0 to 156 differences. (C) Distantly related pairs (157 to 1,514 differences).

mined, but the presence or absence of mecA in the genome sequences was deter-
mined. In all of those cases, the phenotype predicted by PPFS2 corresponded to the
presence or absence of mecA in the genome.

The phylogeny in Fig. S1 was analyzed using MEGA7, which calculated the ancestral
state at internal nodes based on the predicted phenotype. In Fig. S1, branches along
which the predicted phenotype changed from MSSA to MRSA are shown in red, while
those in which the predicted phenotype changed from MRSA to MSSA are shown in
blue. There were 13 branches along which the phenotype changed from MSSA to
MRSA, and 11 along which the phenotype changed from MRSA to MSSA. The ancestral
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state reconstruction clearly shows that the root state was MSSA. Methicillin resistance
has arisen and has been lost multiple times, and the change in phenotype is primarily
accounted for by gain and loss of mecA. All of the branches identified by PPFS2 as
having phenotype changes are consistent with the clades of MRSA and MSSA isolates,
but PPFS2 failed to identify one such branch (orange in Fig. S1) along which a change
from MSSA to MRSA clearly occurred. That failure is attributable to the topological
differences between the parsimony tree in Fig. S1 and the maximum likelihood (ML)
tree estimated by MEGA7 and used to estimate ancestral states. SNP-based parsimony
trees have been shown to be more accurate then SNP-based ML trees (19). PPFS2
identifies as causal SNPs those whose state not only correlates strongly with the MRSA
phenotype but those in which the state changes along those branches where the MRSA
state changes. PPFS2 identified 125 such causal SNPs, of which 74 had a probability of
<1019 of the allele changing randomly along branches on which the phenotype
changed and another 51 had probabilities between 3 X 10=74and 2 X 1037, Of those,
49 were nonsynonymous changes. The most frequent genes in which those nonsyn-
onymous changes occurred were the recA and recB recombinases and the mecA
peptidoglycan transpeptidase. The identities of the proteins containing the nonsyn-
onymous causal SNPS, and their protein IDs, are provided in Table S6 in the supple-
mental material.

The existence of so many SNPs that are causally related to the MRSA phenotype
suggests that although expression of mecA is the major determinant of methicillin
resistance, other genes modify the degree of that resistance and are subject to
selection.

How much do strains vary within a patient over the course of colonization?
MRSA strain genetic variability was studied by analyzing serial isolates collected over
time. A collection of between 4 and 8 MRSA isolates was retained from 32 study
patients over a range of 8 to 22 months, with at least 3 months between most isolates.
There were 18 patients with staphylococcal cassette chromosome mec type Il (SCCmec
1) isolates and 14 with SCCmec IV isolates. The SCCmec Il group contained one set of
siblings while the SCCmec IV group contained 3 sets of siblings. The average year of
colonization for the SCCmec Il group was 2010, with only 3 new colonizations during
the study period (2014 to 2016) and the longest colonization period being 10 years
(2004 acquisition). The SCCmec IV group had an average colonization year of 2013, with
5 new colonizations during the study period and the longest colonization at 4 years
(2010). As shown in Fig. ST, all serial isolates clustered within the same clade with only
a few exceptions, e.g., Patient192D, Patient045D, Patient201C&D, etc. None of the serial
isolates represented acquisition of a new colonizing strain.

In examining serial isolates, we would assume that SNPs would accumulate chron-
ologically; however, this is not what we observed. Figure 3 shows a portion of the
kSNP3 parsimony tree where we attempted to estimate meaningful mutation rates.
Branches are labeled with lengths that are the number of SNP changes; i.e., the two
branches leading to patients 192E and 192B each represent 25.3 changes (an artifact of
kSNP rounding). According to the tree, the total distance from 192B to 192E is 50.6.
However, kSNPdist calculates the pairwise distance as 20. Similarly, the phylogeny
shows the total distance from 192E to 192C as 162.7, whereas kSNPdist calculates it as
85. The difference lies entirely in the ways that distances and branch lengths are
calculated. kSNP counts all changes, including a change from a SNP being present to
it being absent. kSNPdist counts only changes from one base to another; i.e, if at a
particular position either member of a pair is missing a SNP, that position is ignored.
The reason for ignoring missing data is that missing data are not the same as a gap in
a traditional alignment. A gap represents an insertion or deletion; thus, a mutation has
taken place. A missing SNP is just that, missing data. It may be the result of an indel,
or it may be the result of having another SNP within the flanking portion of the kmer
(both of which are actual mutational events). If we were dealing only with the finished
(closed) genomes, we could safely count missing SNPs as mutational events. However,
we are dealing with genome assemblies consisting of many contigs. If a SNP in one
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genome falls within a kmer length of the end of a contig, it will be missed. More likely,
all SNPs that fall within spaces between contigs will be missed. Neither of those is a
mutation. Indeed, the replicate sequencing of Patient053A is 0.00029 (52.4) SNPs apart
on the tree, but they have zero differences according to kSNPdist. Other replicate
sequences have about the same distances on the tree (0.00028 or 51 SNPs).

If changes were accumulating according to a molecular clock, i.e,, at a constant rate,
then branch lengths would correspond to time, which would mean that 192C arose
before 192A, before 192F, before 192B. But 192A was isolated 3 months before 192B
and 4 months before 192C. There are (at least) two explanations for the isolation order
not corresponding to the order in which the strains arose according to the phylogeny
(1). At the sampling times, there were multiple strains in the population. At the time
192A was isolated, 192C had already arisen, but 192A was picked by chance alone.
Since 192B arose last, and at about the same time as 192E, when it was isolated 192C
and 192F must also have been present (2). A molecular clock was not operating. Strains
arose in isolation order, but there were just more changes along the branch from the
common ancestor (CA) to 192A than to 192C.

Table S7 in the supplemental material shows the number of differences accumu-
lated per week for pairs of the same strain from the same patient. The rate at which
differences accumulated ranged from a low of 0.043 per week (Patient196A to
Patient196B) to a high of 64.4 differences per week (Patient034A to Patient034B).

DISCUSSION

The high resolution of WGS (£2 SNPs) generates an ironic problem in determining
whether two isolates are the same strain. Because the S. aureus population is constantly
evolving during a persistent infection (colonization) in a CF patient, at any given
moment the population will consist of a set of very closely related but distinguishable
strains descended from the original infecting organism. Transmission of one of those to
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another patient is likely to result in isolates from the two patients being nonidentical.
Indeed, the population in the recipient patient is likely to have diverged from the
original infecting strain by the time the patient isolates are compared. Were identity at
the WGS level to be the criterion of transmission, it is likely that no transmission events
would ever be detected. Because identity is not a useful criterion for identifying
transmission events, it is necessary to decide how different two isolates can be at the
WGS level and still be considered the same strain. Analysis of the distribution of SNP
differences between pairs of S. aureus strains from CF patients showed that all pairs
with =71 differences were either from the same patient or from siblings. Based on that,
we concluded that pairs that differed by =71 SNP differences were the same strain. We
found no cases in which the same strain was transmitted between unrelated patients.
Therefore, we conclude that the infection control guidelines that were used during the
study were very effective in controlling patient-to-patient transmission. Could we have
detected transmission events if they had occurred? The fact that we could detect many
instances of transmission between siblings, who lived together, indicates that we can
indeed detect transmission when it occurs.

It is tempting to try to determine the rate at which strains evolve during long-term
infections, but that is not possible from these data. If early isolated strains were the
ancestors of late-isolated strains, such estimates would be feasible, but that is not the
case. The number of differences between the first isolate from a patient and subse-
quent isolates does not typically increase with the time between the isolation dates.
The phylogeny in Fig. S1 in the supplemental material likewise shows that the order of
descent from common ancestors does not typically follow the order of isolation of
strains from the same patient. This is most likely because at any time there is a
population of different strains that have diverged from the original infecting strain, and
the isolate that is sequenced represents only a sample of that population. Were we able
to sequence 20 or more isolates from a particular sample, we may be able to describe
the diversity at each time and from the population dynamics be able to estimate the
rate at which new alleles replace old ones. That level of sampling and genome
sequencing is not, however, practical at this time.

There is nothing genetically special about the strains that infect CF patients. The
phylogenetic tree (Fig. S1) shows that isolates from CF patients are intermixed with
isolates from blood and abscesses. Consistent with that, PPFS2 (20) was unable to
identify SNPs that are preferentially associated with being from CF patients (results not
shown).

MATERIALS AND METHODS

Study cohort. The study was conducted at Cincinnati Children’s Hospital Medical Center, a 635 bed,
free-standing pediatric teaching hospital and medical center. CCHMC's Cystic Fibrosis Center provides
medical care to approximately 250 CF patients annually. S. aureus isolates were retained from clinical
respiratory cultures (sputum or oropharyngeal) from CF patients that received medical care at CCHMC
either as inpatients or outpatients beginning April 2014 until February 2016. Serial isolates were collected
from patients colonized with MRSA at least 3 months apart for strain retention and variability studies.
Clinical microbiology data from our study participants were reviewed to determine S. aureus history. We
applied the accepted definition of at least three positive cultures over a 1-year period to our cohort to
determine colonization (9, 21). Demographic data were collected from the Electronic Medical Record
system EPIC, and microbiology data were reviewed from surveillance software VigiLanz and Premier
SafetySurveillor. Deidentified clinical blood and abscess MRSA isolates were also included for compari-
son. This study was approved by CCHMC's institutional review board.

Microbiology. All isolates were identified as S. aureus using the matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) and Vitek MS+ system (bioMérieux, St. Louis, MO, USA). Antimicrobial
susceptibility testing was performed using the Vitek 2 system for routine isolates. Antimicrobial susceptibility
testing of thymidine-dependent isolates was performed using the Etest system (bioMérieux) following
manufacturer recommendations. Our primary focus was on methicillin resistance, but resistance or
sensitivity to 11 additional antibiotics is provided in Table S1 in the supplemental material. Frozen stocks
were made from multiple colonies of pure cultures of isolates on 5% sheep blood agar (Becton Dickinson
Diagnostics, Cockeysville, MD, USA). Organisms were frozen in brucella broth with glycerol (Hardy
Diagnostics, Santa Maria, CA, USA) and stored at —80°C. Organisms removed from storage were
subcultured onto 5% sheep blood agar twice prior to submission for WGS.

Whole-genome sequencing. Eighteen-hour to 24-h colonies of S. aureus streaked from the frozen
cultures were inoculated into Trypticase soy broth (TSB), grown overnight, and submitted to the CCHMC
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Bioinformatics Core laboratory for whole-genome sequencing (lllumina HiSeq 2000 platform). Raw reads
were assembled using Velvet 1.2.10 (22), and gene content was annotated using RAST (23). Phylogenetic
relatedness was determined using kSNP3 (24), which identified SNPs and estimated a maximum
parsimony phylogenetic tree. SCCmec type was identified by alignment of assembled reads against
reference SCCmec sequences using BLAST. S. aureus control isolates from a central sequencing database
consisting of known DNA sequences were used to compare against the clinical isolates. For comparison
with WGS results, the multilocus sequence types (MLSTs) were determined from the WGS through the
Center for Genomic Epidemiology website (https://cge.cbs.dtu.dk//services/MLST/) as described in ref-

erence 25. The MLSTs are provided in Table S2 in the supplemental material.

Phylogenetic analysis. kSNP3 (24) was used to identify SNPs and to estimate a maximum parsimony
phylogenetic tree. The tree was virtually rooted by using Staphylococcus simiae CCM 7213 as an
outgroup. The kmer size was set to 19, the optimum size estimated by Kchooser (26). The accuracy with
which kSNP estimates parsimony trees depends on the fractions of core kmers (FCK), in this data set
calculated to be 0.454, and on the relative contributions of recombination and mutation (r/m) to diversity
(19). Didelot and Falush have estimated r/m in S. aureus as 0.28 (27). The ratio of r/m to FCK was 0.617,
giving the parsimony tree an estimated topological accuracy of 97% (19). The SNP alignment file is
available from the figshare website at https://doi.org/10.6084/m9.figshare.4779466.v1. PPFS2 (20) was
used to identify SNPs that were likely to be causally related to the MRSA phenotype. MEGA 7 was used
to estimate the ancestral MRSA states of the internal node of the tree and was thereby used to identify
those branches along which the MRSA phenotype changed (28). PPFS2 identifies as causal SNPs those
SNPs whose allele state changes are highly nonrandom with respect to phenotype changes along those
branches. A brief description of the PPFS2 algorithm is included in the supplemental material. The
python script kSNPdist was used to calculate the number of SNP differences between all pairs of CF
genomes.
kSNP3 and kSNPdist executables for OS X and Linux are freely available at https://sourceforge.net/
projects/ksnp/. PPFS2 executables for OS X and Linux are freely available at https://sourceforge.net/
projects/ppfs/.

Accession number(s). This whole-genome shotgun project has been deposited at DDBJ/ENA/

GenBank under accession numbers NDKH00000000 to NDWS00000000. The versions described in the
paper are versions NDKH01000000 to NDWS01000000. The BioProject can be accessed at https://www
.ncbi.nlm.nih.gov/biosample?LinkName =bioproject_biosample_all&from_uid=380429.
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