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ABSTRACT Exposure to Staphylococcus aureus has a variety of outcomes, from asymptomatic colonization
to fatal infection. Strong evidence suggests that host genetics play an important role in susceptibility, but
the specific host genetic factors involved are not known. The availability of genome-wide single nucleotide
polymorphism (SNP) data for inbred Mus musculus strains means that haplotype association mapping can
be used to identify candidate susceptibility genes. We applied haplotype association mapping to Perlegen
SNP data and kidney bacterial counts from Staphylococcus aureus-infected mice from 13 inbred strains and
detected an associated block on chromosome 7. Strong experimental evidence supports the result: a sep-
arate study demonstrated the presence of a susceptibility locus on chromosome 7 using consomic mice.
The associated block contains no genes, but lies within the gene cluster of the 26-member extended
kallikrein gene family, whose members have well-recognized roles in the generation of antimicrobial pep-
tides and the regulation of inflammation. Efficient mixed-model association (EMMA) testing of all SNPs with
two alleles and located within the gene cluster boundaries finds two significant associations: one of the
three polymorphisms defining the associated block and one in the gene closest to the block, Klk1b11. In
addition, we find that 7 of the 26 kallikrein genes are differentially expressed between susceptible and
resistant mice, including the Klk1b11 gene. These genes represent a promising set of candidate genes
influencing susceptibility to Staphylococcus aureus.
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Staphylococcus aureus (S. aureus) causes a diverse array of clinical
conditions in humans, ranging from asymptomatic colonization to
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endocarditis and death. The factors influencing infection severity,
however, are not fully understood. While it is clear that bacterial
(Ferry et al. 2005) and environmental factors (Laupland et al. 2003)
influence the type and severity of S. aureus infections, an increasing
body of evidence suggests that host genetics also play an important
role. For example, higher rates of S. aureus infection have been ob-
served among genetically distinct populations, including New Zealand
Maori (Hill et al. 2001), Canadian Native Americans (Embil et al.
1994), and Australian Aboriginals (Tong et al. 2009). Familial clusters
of recurrent S. aureus infections (Noble et al. 1967; Zimakoff et al.
1988) and rare genetic conditions characterized by susceptibility to S.
aureus (e.g. Job Syndrome, Chediak-Higashi Syndrome) (Faigle et al.
1998; Hill et al. 2001) have also been described. In addition, several
recent studies have demonstrated the importance of host genetics in
susceptibility to S. aureus using inbred strains of mice. For example,
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von Kockritz-Blickwede et al. (2008) showed that inbred A/J] mice are
highly susceptible to S. aureus and C57BL/6] mice are resistant. Ahn
et al. (2010) localized this susceptibility to S. aureus in A/] mice to
chromosomes 7, 8, 11, and 18. These studies not only validate the role
of host genetics in disease severity but also confirm the utility of using
inbred mouse strains to study S. aureus infection.

A major benefit to using inbred mice for the study of host genetic
susceptibility to infectious diseases is the availability of highly dense,
genome-wide single nucleotide polymorphism (SNP) data, such as is
available from the Mouse Genome Informatics (MGI) database
(http://www.informatics jax.org/). The availability of these data has
enabled the development of computational methods for the identifi-
cation of genomic regions containing genetic variants associated with
a specific disease phenotype (Grupe et al. 2001; Kang et al. 2008;
Pletcher et al. 2004; Tsaih and Korstanje 2009), an approach referred
to as haplotype association mapping (HAM). Although experimental
validation of HAM-identified genomic regions is necessary, HAM
offers significant advantages over the use of conventional quantitative
trait locus (QTL) mapping alone in the form of reduced time and
financial costs and the identification of smaller genomic regions.

HAM has been used successfully both to identify specific disease-
associated genes or SNPs within large QTL found through con-
ventional intercross experiments (Cervino et al. 2005; Hillebrandt
et al. 2005) and to identify novel QTL in genome-wide studies
(Bopp et al. 2010; Burgess-Herbert et al. 2009; Rangnekar et al.
2006; Smith et al. 2003; Yang et al. 2009). Despite these successes,
HAM has been criticized for having a high false-positive rate result-
ing from the recent common ancestry of inbred mouse strains (Kang
et al. 2008) and for having low power (Cervino et al. 2007; Payseur
and Place 2007). Some studies have focused on reducing the false-
positive rate by developing HAM methods that account for popula-
tion structure (Kang et al. 2008; McClurg et al. 2007). Others have
focused on characterizing the power of the method and the depen-
dence of power on (i) strain selection, (ii) the frequency and effect
size of the disease-causing variant, and (iii) local patterns of linkage
disequilibrium (Kirby et al. 2010; Payseur and Place 2007). Although
these limitations must be taken into consideration when designing
HAM studies and interpreting results, HAM has proved useful in iden-
tifying novel disease-associated genes (Bopp et al. 2010; Cervino et al.
2005; Hillebrandt et al. 2005; Rangnekar et al. 2006; Yang et al. 2009).

To study the role of host genetics in susceptibility to S. aureus
infection, we applied HAM to four phenotypes measured in inbred
mice infected with S. aureus: survival time, bacterial load in the kid-
ney, bacterial load in the peritoneal fluid, and levels of serum inter-
leukin 6 (IL-6). We present the results of this work here and discuss
the implications for host genetic susceptibility to S. aureus.

MATERIALS AND METHODS

Survival data

Mice from 13 inbred strains (N = 142) (A/], BALB/cBy]J, 129S1/SvIm],
AKR/J, NZW/Lac], PWD/PhJ, KK/HIJ, FEVB/NJ, BTBR T+ tf/], DBA/
2], C3H/He], NOD/ShiLt], and C57BL/6]) were intraperitoneally
injected with 107 colony forming units per gram (CFU/g) of the
methicillin-susceptible Sanger 476 strain of S. aureus (Table 1). Mice
were monitored every eight hours for five days, and survival times
were recorded in hours. The median survival time was calculated for
each strain and used for HAM. Mice were euthanized using CO, as-
phyxiation if they appeared moribund. Pain and distress were assessed
using a numerical scale for the following characteristics: appearance
(0 = normal; 1 = lack of grooming; 2 = rough hair coat; 3 = abnormal
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Table 1 Number of mice injected with S. aureus for each of 13
inbred mouse strains

Kidney Peritoneal
Strain Survival Coumk Fluid Serum IL6
A/J 15 10 12 3
BALB/cByJ 10 4 4 3
12951/SvimJ 10 8 7 3
AKR/J 14 5 4 3
NZW/LacJ 10 5 4 4
KK/HIJ 10 5 4 3
PWD/PhJ 10 4 4 3
FVB/NJ 8 8 3 3
BTBR t+tf/J 10 5 3 3
DBA/2J 10 5 4 3
C3H/HeJ 15 5 4 3
NOD/ShiltJ 10 3 3 3
C57BL/6J 10 9 12 9
Total 142 76 68 46

posture); behavior (0 = normal; 1 = moving slowly; 2 = moving slowly,
irregular ambulation; 3 = immobile). A total score (appearance plus
behavior) of three indicated significant pain and distress and culmi-
nated in the early euthanasia of the animal. A log-rank test was used to
detect statistically significant differences between the survival curves.

Bacterial load in the kidney and peritoneal fluid

A total of 76 mice from 13 strains were injected with S. aureus as
described above (Table 1). Mice were killed 24 hr post infection.
Kidneys were collected from all 76 mice; peritoneal fluid was obtained
from 68 of the 76 mice. Kidneys and peritoneal fluid were collected
and processed as previously described (Deshmukh et al. 2009). Briefly,
kidneys were collected from killed mice and homogenized in phos-
phate buffered saline (PBS). Kidney homogenate and peritoneal fluid
were diluted serially with PBS 10-fold. The serial dilutions (50 wl)
were plated on Tryptic Soy Agar plates, incubated (37°) overnight,
and bacterial colonies were counted. For both phenotypes, the average
number of CFU per either gram or milliliter was calculated for each strain
and used for HAM. Single-factor ANOVA was used to detect statistically
significant differences between the strain mean phenotype values.

Serum levels of IL-6

A total of 46 mice from 13 strains were injected with S. aureus as
described above (Table 1). Mice were killed at 24 hr post infection.
Blood was obtained by intracardiac puncture, serum was separated by
centrifugation, and the amount of total protein was measured using
the bicinchoninic acid method kit (Pierce). Serum samples were di-
luted to ensure equal amounts of total protein, and the levels of IL-6
were estimated using an enzyme-linked immunosorbent assay (Due
kit, Invitrogen). Single-factor ANOVA was used to detect statistically
significant differences between the strain mean phenotype values.

Trait heritability
Broad-sense heritability (H?) was estimated for the kidney count,
peritoneal fluid count, and serum IL-6 phenotypes using

2
2_ T
) 2
oy, + oy,
where o% is the between-strain variance and 0'12” is the within-strain

variance (Anholt and Mackay 2009). a'i and 0'2W were estimated from
the between-strain and within-strain mean squared errors obtained
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Ham Procedure

Example based on 5 of the 13 strains

SNP1 SNP2  SNP3 SNP4
Obtain SNP data TAGCGTAGTAATAAACAGAGTAGTTTCACAACAAGC A/l
l TAGCGTAGTAATARACAGAGTAGTTTCACAACAAGC AKR/)
- TACCGTAGTAA ACACAGTAGTTTCACAAAA C3H/He)
I Form 3-SNP window ] TACCGTAGTAATAARACACAGTAGTTTCACARAAAGC NOD/Shily
l TACCGTAGTAATAAACACAGTAGTTTCACAAAARGC CS7BLE
Determine strain pattern for I
each window g:g :g . . Lo .
l TR Ty Figure 1 Overview of haplotype association mapping
Cac ACA (HAM). (A) Overall HAM approach. (B) Formation of
5 CAC ACA . .
Merge 3-SNP windows to C three-SNP windows. (C) Formation of haplotype blocks.

form haplotype blocks

TACCGTAGTAATARACACAGTAGTTTCACAAA

Identify unique strain
segregation patterns

CACA
CACA

by single-factor ANOVA. These heritability estimates likely over-
estimate the true heritability as two of the strains used, C57BL/6]
and A/], were selected for study as representative of extreme
S. aureus susceptibility phenotypes (Hegmann and Possidente 1981).

Haplotype association mapping

The overall approach is outlined in Figure 1A. Briefly, genotype data
were obtained from the Perlegen SNP database (http://phenome jax.
org/db/q?rtn=projects/projdet&reqprojid=198) for the 13 inbred
mouse strains for which phenotype data were collected. SNPs with
genotype information available for all 13 strains (3,260,963 SNPs) were
used for HAM. Overlapping three-SNP windows were formed using
three adjacent SNPs, as described in Pletcher et al. (2004). For each
window, mouse strains were assigned to haplotype groups based on
the three SNP alleles within the window, thereby forming the strain
segregation pattern for the window (Figure 1B). Adjacent three-SNP
windows with the same strain segregation pattern were combined to
form a single haplotype block (Figure 1C). Haplotype blocks with only
a single haplotype were excluded from the analysis. Among the result-
ing 1,364,341 haplotype blocks, 66,906 unique strain segregation pat-
terns were observed. For each of the four phenotypes, a test of
association was conducted for each pattern using the weighted F sta-
tistic defined in Pletcher et al. (2004).

To determine which strain segregation patterns demonstrate a sig-
nificant genotype-phenotype association, we applied a modified version
of the minP method described in Ge et al. (2003). Briefly, for each
phenotype, a permutation analysis (described below) was conducted to
generate a null distribution of F statistics (F,) for each strain segregation
pattern. The F, distribution for a pattern was used to estimate the type I
error (p,) for the observed F statistic (F,) for that pattern by counting the
number of F, = F, and dividing by the number of permutations (five
million). Type I error (p,) was estimated for each F, in the same way.
For each permutation, the minimum p,, (min p,) across all unique strain
segregation patterns was captured and used to generate a null distribu-
tion of genome-wide minimum p values. Genome-wide type I error was
then estimated for each phenotype by dividing the total number of min
pp smaller than the minimum p, (min p,) for that phenotype by the
number of permutations (five million). In addition, for each phenotype,
the 5% percentile (p,) of the null min p, distribution was used as the
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TAGCGTAGTAATAARACAGAGTAGTTTCACAACAAGC A/l
ACAGAGTAGTTTCACAACAAGC AKR/)
\AAGC C3H/He)

TACCGTAGTAATAAACACAGTAGTTTCACAAAARGC NOD/ShiLt

TACCGTAGTAATAAACACAGTAGTTTCACAAAARGC C57BL6)
L J
I
Calculate F statistic for each GAGC
strain segregation pattern g:gﬁ

significance threshold for identification of significantly associated geno-
mic regions: haplotype blocks for which the observed p, was smaller
than p,,. were deemed to be significantly associated with phenotype.

A permutation analysis was conducted for each phenotype as
follows. For the bacterial count and serum IL-6 phenotypes, a mean
and variance were calculated for each strain from the observed
phenotype values of the individual mice and were used to parame-
terize 13 phenotype distributions. For a single permutation, a strain
phenotype value was sampled from each of the 13 distributions, and
the set of 13 values was permuted. An F, statistic was then calculated
for each of the 66,906 unique strain patterns using the set of permuted
strain phenotype values. For the survival phenotype, the median sur-
vival times for the 13 strains were permuted. For all four phenotypes,
five million permutations were run.

The permutations were run on the high-performance compute
cluster Lonestar at the Texas Advanced Computing Center (http://
www.tacc.utexas.edu/) at the University of Texas at Austin.

Efficient Mixed-Model Association

The population structure and genetic relatedness of inbred mouse
strains is known to result in inflated false positives in tests of
genotype-phenotype association (Kang et al. 2008). Efficient mixed-
model association (EMMA) conducts tests for association on single
SNPs with two alleles, correcting for population structure and genetic
relatedness in model organism association mapping (Kang et al
2008). To assess the likelihood that the genomic region identified by
the above-described HAM procedure represents population structure
artifact, we used EMMA to conduct a test of association for all two-
allele SNPs within the region. We used the publicly available R-pack-
age implementation of EMMA (available at http://mouse.cs.ucla.edu/
emma/). We corrected for multiple testing using a BH-adjusted P
value computed using the R package mt.rawp2adjp. The BH option
utilizes the Benjamini and Hochberg step-up FDR-controlling pro-
cedure (Benjamini and Hochberg 1995).

Gene expression data

Gene expression studies were conducted on mice from 6 of the 13
inbred mouse strains, the 3 resistant strains (C57BL/6], NOD/Lt], and
C3H/He]) and the 3 highly susceptible strains that had high average

Volume 2 June 2012 | HAM Finds S. aureus QTL | 695


http://phenome.jax.org/db/q?rtn=projects/projdet&reqprojid=198
http://phenome.jax.org/db/q?rtn=projects/projdet&reqprojid=198
http://www.tacc.utexas.edu/
http://www.tacc.utexas.edu/
http://mouse.cs.ucla.edu/emma/
http://mouse.cs.ucla.edu/emma/

kidney count values (A/], AKR/], and BALB/cByJ). Three mice from
each strain were infected with S. aureus as described above, and blood
was taken by intracardiac puncture 2 hr after infection. Blood was also
taken from three uninfected mice of each strain. Blood was stored in
RNAlater at —20°. Total RNA was prepared from mouse blood using
the Mouse RiboPure Blood RNA isolation kit (Ambion), and globin
mRNA was removed using the Globinclear kit (Ambion). All RNA
samples passed the quality criteria of the Agilent Bioanalyzer and were
used for the analysis. One round of linear amplification was per-
formed for all samples (Ambion MessageAmp Primier). Biotin-labeled
c¢DNA was hybridized to Affymetrix Mouse Genome 430 2.0 Array-
Chips for 16 hr at 45° following the manufacturer’s instruction. The
arrays were then washed and labeled with streptavidin-phycoerythrin
(strep-PE), and the signal was amplified using biotinylated anti-strep-
tavidin followed by another round of staining with strep-PE. Washing
and staining were performed on the Affymetrix fluidics station
according to recommended protocols. Labeled gene chips were
scanned using an Affymetrix Genechip Scanner 7G.

Microarray data analysis

Preprocessing was conducted using the Robust Multichip Analysis
(RMA) (Irizarry et al. 2003) implementation in the Bioconductor
“affy” package (http://www.bioconductor.org/), with an additional
step to account for differences in probe hybridization resulting from
SNPs between susceptible and resistant mice. The additional step is
referred to as SNP masking (Walter et al. 2007) and is applied after
background correction and quantile-quantile normalization but
prior to the determination of probeset expression values. Genomic
locations hybridized by each probe were obtained from the Ensembl
database (http://www.ensembl.org/index html), and these genomic
locations were compared to the locations of SNPs for which at least
one susceptible and one resistant strain have different alleles. Probes
that hybridize to such SNPs within their target transcripts were ex-
cluded from the determination of probeset expression values. Probesets
with fewer than four remaining probes were excluded from further
analysis.

Twenty-five probesets on the Mouse 430 2.0 array were identified
as described in Results and analyzed using ANOVA to determine
whether there were statistically significant differences in the mean
expression levels between susceptible and resistant mice. The follow-
ing generalized linear model was used:

Yi,j,k,l = Bil —O—BJZ + Tk + Sx* Tk,l

where B! corresponds to IVT batch effects, B? to hybridization batch
effects, T to infection main effects, and ST to strain-infection inter-
action effects. Two factor levels were used for infection state: unin-
fected and infected. Two factor levels were used for strain: susceptible
and resistant. False discovery rate (FDR)-adjusted P values were cal-
culated using a false discovery rate of 0.1 (Storey and Tibshirani 2003).

RESULTS

Phenotype varies with mouse strain for inbred mice
infected with S. aureus

A wide range of values was observed for all four phenotypes measured
in this study (Figure 2 and File S1). With regard to survival, there were
three resistant strains for which none of the mice died (C57BL/6J, NOD/
ShiLt], and C3H/HeJ), and four highly susceptible strains with median
survival times that were = 26 hr (A/], BALB/cBy]J, 129S1/SvM]J, and
AKR/]) (Figure 2A). The remaining six strains exhibited intermediate
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median survival times (Figure 2A). A log-rank test indicated a statistically
significant difference between the survival curves (P < 10716).

The three resistant strains, along with KK/HIJ and FVB/NJ, had low
average kidney count values (<10 CFU/g), whereas three of the highly
susceptible strains, along with DBA/2]J, had high average kidney count
values (=244 CFU/g) (Figure 2B). The remaining four strains, includ-
ing the highly susceptible strain 129S1/SvIm], had average kidney count
values ranging from 20 CFU/g to 97 CFU/g (Figure 2B). Single-
factor ANOVA indicated statistically significant differences with F =
17.03 and P = 1.87 X 101> (numerator and denominator degrees of
freedom are 12 and 63, respectively). Broad-sense heritability is esti-
mated to be 0.94.

The highest average peritoneal fluid counts were observed for the
A/], 129S81/SvM]J, AKR/J, PWD/Ph], FVB/N]J, and BTBR T+ tf/]
strains (>1258 CFU/m), whereas the BALBcBy/J, NZW/Lac]J, KK/HIJ,
and C3H/HeJ strains all had very low average peritoneal fluid counts
(<3 CFU/ml) (Figure 2C). The remaining three strains had moderate
average peritoneal fluid counts ranging from 33 CFU/ml to 58 CFU/
ml (Figure 2C). Single-factor ANOVA indicated statistically signifi-
cant differences with F = 10.52 and P = 2.21 x 10~ !° (numerator and
denominator degrees of freedom are 12 and 55, respectively). Broad-
sense heritability is estimated to be 0.91.

The NOD/ShiLt], BALBcBy/], C57BL/6], and BTBR T+ tf/] strains
had relatively large average fold increases in serum IL-6 levels (>8),
whereas the A/], 129S1/SvIim], AKR/], and DBA/2] strains all had
average fold changes that were <1 (Figure 2D). The remaining five
strains had moderate fold increases ranging from 1 to 4 (Figure 2D).
Single-factor ANOVA indicated a statistically significant difference
with F = 7.06 and P = 3.84 X 10~ ¢ (numerator and denominator
degrees of freedom are 12 and 33, respectively). Broad-sense herita-
bility is estimated to be 0.88.

When comparing the highly susceptible and resistant strains, we
observe that the highly susceptible A/] and AKR/] strains have similar
phenotype values: low median survival times, high average bacterial
counts in the kidney and peritoneal fluid, and low average levels of
serum IL-6. Among the three resistant strains, we find that the NOD/
ShiLt] and C57BL/6] strains have similar patterns: no deaths observed
within five days post infection, low average kidney counts, moderate
average peritoneal fluid counts, and high average levels of serum IL-6.

HAM identifies a haplotype block on chromosome 7
significantly associated with kidney bacterial counts

For each phenotype, we identified the smallest HAM p value genome-
wide, min p, (Table 2). We found that, for the kidney count phe-
notype, the min p, represents a significant association between
phenotype and a single haplotype block 1.9 kb in length located
on chromosome 7 at 51,256,409-51,258,299 bp (B;). This block
also has the genome-wide max F, for the kidney count phenotype.
No other block was significantly associated with the kidney count
phenotype, and none of the other phenotypes was found to be sig-
nificantly associated with any block.

The distribution of F, and p, throughout the genome (Figure 3)
reveals that the F, corresponding to B, is much larger than the F, for
any other block. Similarly, the p, for B; is much smaller than the p, for
any other block.

The strain-haplotype pattern for the single significantly associated
block B; consists of five haplotypes with the mouse strain assignments
shown in Table 3.

Interestingly, 9 of the 13 mouse strains, those assigned to haplotypes
GTC, GCC, and AAT, have an average kidney count value < 100 CFU/g
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(Table 3). Of the remaining 4 strains, the A/J, BALB/cBy]J, and DBA/2]
strains have average kidney counts ranging from 243 CFU/g to
264 CFU/g and share the haplotype GTT. The AKR/J strain does not
share its haplotype with any other strain (ACT) and has an average
kidney count value an order of magnitude higher than any other
strain (1013 CFU/g).

The block B, does not contain any genes, but it lies within the
cluster of the 26-member extended kallikrein (Klk) gene family of
serine peptidases (Table 4). The gene closest to B; is Klk1b11, located
1.2 kb away.

EMMA

To assess the likelihood that the genomic region identified by the
above-described HAM procedure represents population structure
artifact or whether the result may be driven by one or more of the
Klk genes, we used EMMA to conduct a test of association between
the kidney colonization phenotype and the 486 two-allele SNPs within
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the Klk gene cluster (Kang et al. 2008). Two of the SNPs are signif-
icantly associated with phenotype (P = 0.000003694 and adjusted P =
0.0008977). One of the SNPs lies within the Klklb11 gene, and the
other is one of the three SNPs that define the boundaries of the HAM-
detected block B..

This result indicates that there is association between the HAM-
detected genomic region and phenotype even when the association

Table 2 Genome-wide minimum observed p value and associated
type | error estimate for each phenotype

Phenotype min po [Fe Type | Error for min p,
Median survival ~ 0.000042 40.08 0.53
Serum IL6 0.000187  63.51 0.68
Peritoneal fluid ~ 0.000055 99.80 0.24
Kidney 0.000002  948.32 0.02
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a statistically significant association with the kidney count phenotype.

test is corrected to account for population structure. This result also
indicates that polymorphisms in the Klk1b11 gene may be driving the
HAM-detected association.

Seven of the 26 Klk genes are differentially expressed
between susceptible and resistant mice

Of the 26 Klk genes, 21 have probesets on the array, and they
correspond to 25 probesets. We identified 7 that were differentially
expressed at the 2-hr time point (P < 0.05 with a false discovery rate
of 0.1) (Table 4). Klk4 was upregulated, and Klk1, Klk11, Klk1b1,
Klk1b11, Klk1b8, and Klk1b24 were downregulated in mice from
susceptible strains relative to those from resistant strains.

DISCUSSION

Exposure to S. aureus has a wide variety of outcomes, and there is
strong evidence that host genetics play an important role (von Kockritz-
Blickwede et al. 2008). We therefore characterized 13 strains of in-
bred mice for four measures of infection severity and utilized HAM
(Pletcher et al. 2004) to identify a single region on chromosome
7 significantly associated with colonization of the kidney by S. au-
reus and containing a family of candidate genes.

Across the 13 mouse strains, we observe a wide variety of
phenotype values that are consistent with what is known about S.
aureus pathogenesis and the host immune response. High bacterial
counts in the kidneys are indicative of bacterial dissemination and are
correlated with kidney dysfunction in mouse strains susceptible to S.
aureus infection (Deshmukh et al. 2009; von Kockritz-Blickwede et al.
2008). High bacterial counts in the peritoneal fluid are indicative of
deficient host clearing of bacteria (von Kockritz-Blickwede et al.
2008). Similarly, low levels of IL-6 may be indicative of a deficient
host immune response, as IL-6 is an important mediator of inflam-
mation and activator of neturophils and has been shown to be re-
quired for successful defense against bacterial pathogens, such as
Streptococcus pneumoniae (van der Poll et al 1997) and Listeria
monocytogenes (Kopf et al. 1994). Taken together, these data indicate
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Table 3 Strain-haplotype pattern for the single significantly
associated block B

Haplotype Mouse Strains
ACT AKR/J
GTC NZW/LacJ
GCC PWD/PhJ
GTT A/J, BALB/cByJ, DBA/2J
AAT 129S1/SvimJ, BTBR t+tf/J, C3H/HeJ,

C57BL/6J, FVB/NJ, KKHIJ, NOD/ShilLtJ

that the highly susceptible strains do not effectively clear S. aureus
from the site of infection, do not mount an effective IL-6-mediated
inflammatory response, and are subject to extensive bacterial
dissemination.

We applied HAM as described in Pletcher et al. (2004) to the four
sets of phenotype data and detected one significant association, which
was between bacterial colonization of the kidney and a single haplo-
type block, B;, on chromosome 7. There is strong experimental evi-
dence that B, is in fact linked to one or more causal variants: in
a separate study conducted by our group, the presence of a causal
variant on chromosome 7 was demonstrated using consomic mice
created from the highly susceptible A/J strain and the highly resistant
C57BL/6] strain. Mice from the consomic mouse strain created by
replacing the C57BL/6] chromosome 7 with the A/] chromosome 7
(Nadeau et al. 2000) were more susceptible than C57BL/6] to S. aureus
infection, with a median survival time of 2.5 days (Ahn et al. 2010).

B, does not contain any genes but lies within the gene cluster of
the 26-member extended kallikrein gene family. The kallikrein pro-
teins (KLK) have well-established roles in the degradation of extracel-
lular matrix (ECM), the generation of antimicrobial peptides, and the
regulation of immune responses, particularly inflammation [reviewed
in Morizane et al. (2010), Sotiropoulou and Pampalakis (2010), and
Sotiropoulou et al. (2009)]. Degradation of ECM facilitates the in-
filtration by immune cells of the skin and other tissues. Thus, reduced
ECM degradation by KLK enzymes could inhibit infiltration of the site
of infection by host immune cells. Similarly, enhanced ECM degra-
dation by KLK enzymes could facilitate S. aureus dissemination. The
proteolytic activities of KLKs are important for the generation of
antimicrobial peptides, particularly cathelicidins and defensins, which
directly kill microbes as well as influence innate immune response
processes. In this case also, reduced KLK activity would weaken the
host immune response to S. aureus.

KLKs play an important role in the regulation of inflammation,
particularly through activation of the IL-1B precursor and the potent
vasoactive peptides bradykinin and kallidin (Moreau et al. 2005). Thus,
alterations of KLK activity could result in dysregulation of the inflam-
matory response. We and von Kockritz-Blickwede et al. (2008) observed
increased kidney infiltration by S. aureus in susceptible mice relative to
resistant mice. In addition, von Kockritz-Blickwede et al. (2008) ob-
served increased lung infiltration by S. aureus and erythrocytes, as well
as evidence of extensive lung hemorrhage in A/] mice. These observa-
tions are all consistent with severe, increased microvascular permeability
in susceptible mice in response to S. aureus infection. Further, von
Kockritz-Blickwede et al. (2008) observed increased levels of serum
bradykinin in A/J mice as well as decreased activated partial thrombo-
plastin time. Both observations provide evidence that susceptible mice
experience increased microvascular permeability as a result of increased
activation of the kallikrein-kinin or contact system.

Our gene expression microarray results provide further evidence
for the role of these genes in mediating host susceptibility to S. aureus
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Table 4 Genes located in the extended region on chromosome 7 interrogated for candidate genes

Genomic Location (bp) Gene Symbol Gene Name Probeset Differentially Expressed
50945788 50950906 Kik14 Kallikrein related-peptidase 14
50967937 50982128 Klk13 Kallikrein related-peptidase 13
51024267 51028946 Kik12 Kallikrein related-peptidase 12 Y
51029987 51034628 Klk11 Kallikrein related-peptidase 11 Y Downregulated
51036424 51040780 Kik10 Kallikrein related-peptidase 10 Y
51047261 51052126 Klk9 Kallikrein related-peptidase 9 Y
51052947 51059192 Kik8 Kallikrein related-peptidase 8 Y
51066814 51071729 Klk7 Kallikrein related-peptidase 7 Y
51079869 51087172 Klké Kallikrein related-peptidase 6 Y
51097639 51106551 KIk5 Kallikrein related-peptidase 5 Y
51136542 51141174 Klk4 Kallikrein related-peptidase 4 Y Upregulated
51189141 51194960 Klk15 Kallikrein related-peptidase 15
51206034 51210311 Klk1b8 Kallikrein 1-related peptidase b8 Y Downregulated
51222138 51226686 Klk1b1 Kallikrein 1-related peptidase b1 Y Downregulated
51231431 51235746 Klk1b9 Kallikrein 1-related peptidase b9
51251247 51255245 Klk1b11 Kallikrein 1-related peptidase b11 Y Downregulated
51268048 51272335 Klk1b26 Kallikrein 1-related peptidase b26 Y
51307660 51312075 Klk1b27 Kallikrein 1-related peptidase b27 Y
51357662 51361944 Klk1b21 Kallikrein 1-related peptidase b21 Y
51368043 51372292 Klk1b22 Kallikrein 1-related peptidase b22
51392137 51396977 Klk1b16 Kallikrein 1-related peptidase b16 Y
51443606 51447822 Klk1b24 Kallikrein 1-related peptidase b24 Y Downregulated
51453561 51457721 Klk1b3 Kallikrein 1-related peptidase b3 Y
51462805 51467124 Klk1b4 Kallikrein 1-related peptidase b4 Y
51471844 51476073 Klk1b5 Kallikrein 1-related peptidase b5 Y
51480807 51484987 Klk1 Kallikrein 1 Y Downregulated

infection. Given the large number of Klk genes, however, the varied
and wide-ranging functions of their gene products, and the compli-
cated patterns of coregulation via reciprocal- and auto-proteolysis,
a series of gene-specific experiments at the nucleic acid and protein
levels are required for each of the 26 genes to disentangle their precise
role in host susceptibility to S. aureus.

Our study has some limitations. First, we only detected a signifi-
cantly associated haplotype block for one of four phenotypes. This is
likely due to the fact that the HAM approach assumes that phenotypic
similarities between mouse strains result from shared underlying
genetic variants. Our study phenotypes may result from interactions
between many different genetic variants, each of which is shared by
only a subset of the strains exhibiting similar phenotypes. In addition,
the current study may lack sufficient power to detect the correspond-
ing causal variants. The mouse strain panel used in this study is
relatively small. Although some studies have used a similar number of
strains and detected significant associations using HAM (Yang et al.
2009), many other studies have used much larger numbers of strains
(Bopp et al. 2010; Kirby et al. 2010). It is thus likely that with a larger
mouse strain panel, additional associations would be detected.

Finally, survival times were recorded for only five days, resulting in
an underestimate of the median survival times, particularly for the
resistant strains. This results in an underestimate of the F-statistic sum
of squares for the within- and between-haplotype group variability.
Although underestimates of the within-group variability may result
in false-positive associations, underestimates of the between-group
variability may result in false-negative associations.

Despite these limitations, we were able to identify a genomic
region significantly associated with susceptibility to S. aureus infec-
tion, for which there is strong supporting experimental evidence and
which implicates a large gene family whose members are promising
candidate genes for future biological validation. Future studies in the
mouse will identify specific members of the family with a role in
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S. aureus pathogenesis in the murine host and will elucidate the specific
mechanisms by which the gene products confer susceptibility. These
studies in the mouse will be followed by studies to evaluate the role of
the corresponding orthologous genes in human susceptibility to S. aureus.

ACKNOWLEDGMENTS

This work was supported primarily by National Institute of Allergy
and Infectious Diseases (NIAID) R01-AI-068804 to V.G.F. Additional
support for N.V.J., M.L,, and L.G.C. was provided by NIAID R01-AI0-
77706 and a Burroughs Wellcome Fund Career Award to L.G.C. The
authors acknowledge the Texas Advanced Computing Center (TACC;
http://www.tacc.utexas.edu) at the University of Texas at Austin for
providing the high-performance computing resources for this project.

LITERATURE CITED

Ahn, S. H., H. S. Deshmukh, N. V. Johnson, L. G. Cowell, T. H. Rude et al.,
2010 Two genes on A/] chromosome 18 are associated with suscepti-
bility to Staphylococcus aureus infection by combined microarray and
quantitative trait locus (QTL) Analyses. Plos Pathog. 6: €e1001088.

Anholt, R. R. H,, and T. F. C. Mackay, 2009 Principles of Behavioral Ge-
netics. Academic Press, London.

Benjamini, Y., and Y. Hochberg, 1995 Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J. R. Stat. Soc., B 57:
289-300.

Bopp, S. E., V. Ramachandran, K. Henson, A. Luzader, M. Lindstrom et al.,
2010 Genome wide analysis of inbred mouse lines identifies a locus
containing Ppar-gamma as contributing to enhanced malaria survival.
PLoS ONE 5: €10903.

Burgess-Herbert, S. L., S. W. Tsaih, I. M. Stylianou, K. Walsh, A. J. Cox et al.,
2009 An experimental assessment of in silico haplotype association
mapping in laboratory mice. BMC Genet. 10: 81.

Cervino, A. C,, G. Li, S. Edwards, J. Zhu, C. Laurie ef al,, 2005 Integrating
QTL and high-density SNP analyses in mice to identify Insig2 as a sus-
ceptibility gene for plasma cholesterol levels. Genomics 86: 505-517.

Volume 2 June 2012 | HAM Finds S. aureus QTL | 699


http://www.tacc.utexas.edu

Cervino, A. C., A. Darvasi, M. Fallahi, C. C. Mader, and N. F. Tsinoremas,
2007 An integrated in silico gene mapping strategy in inbred mice.
Genetics 175: 321-333.

Deshmukh, H. S, J. B. Hamburger, S. H. Ahn, D. G. McCafferty, S. R. Yang
et al., 2009  Critical role of NOD2 in regulating the immune response to
Staphylococcus aureus. Infect. Immun. 77: 1376-1382.

Embil, J., K. Ramotar, L. Romance, M. Alfa, J. Conly et al,

1994 Methicillin-resistant Staphylococcus aureus in tertiary care insti-
tutions on the Canadian prairies 1990-1992. Infect. Control Hosp. Epi-
demiol. 15: 646-651.

Faigle, W., G. Raposo, D. Tenza, V. Pinet, A. B. Vogt et al., 1998 Deficient
peptide loading and MHC class II endosomal sorting in a human genetic
immunodeficiency disease: the Chediak-Higashi syndrome. J. Cell Biol.
141: 1121-1134.

Ferry, T., T. Perpoint, F. Vandenesch, and J. Etienne, 2005 Virulence de-
terminants in Staphylococcus aureus and their involvement in clinical
syndromes. Curr. Infect. Dis. Rep. 7: 420-428.

Ge, Y., S. Dudoit, and T. P. Speed, 2003 Resampling-based multiple testing
for microarray data analysis. Test 12: 1-77.

Grupe, A., S. Germer, J. Usuka, D. Aud, J. K. Belknap et al, 2001 In silico
mapping of complex disease-related traits in mice. Science 292: 1915-1918.

Hegmann, J. P, and B. Possidente, 1981 Estimating genetic correlations
from inbred strains. Behav. Genet. 11: 103-114.

Hill, P. C,, C. G. Wong, L. M. Voss, S. L. Taylor, S. Pottumarthy et al.,
2001 Prospective study of 125 cases of Staphylococcus aureus bacter-
emia in children in New Zealand. Pediatr. Infect. Dis. J. 20: 868-873.

Hillebrandt, S., H. E. Wasmuth, R. Weiskirchen, C. Hellerbrand, H. Keppeler
et al., 2005 Complement factor 5 is a quantitative trait gene that
modifies liver fibrogenesis in mice and humans. Nat. Genet. 37: 835-843.

Irizarry, R. A., B. Hobbs, F. Collin, Y. D. Beazer-Barclay, K. J. Antonellis et al.,
2003  Exploration, normalization, and summaries of high density oli-
gonucleotide array probe level data. Biostatistics 4: 249-264.

Kang, H. M., N. A. Zaitlen, C. M. Wade, A. Kirby, D. Heckerman et al,
2008 Efficient control of population structure in model organism as-
sociation mapping. Genetics 178: 1709-1723.

Kirby, A., H. M. Kang, C. M. Wade, C. J. Cotsapas, E. Kostem et al.,

2010 Fine mapping in 94 inbred mouse strains using a high-density
haplotype resource. Genetics 185: 1081-1095.

Kopf, M., H. Baumann, G. Freer, M. Freudenberg, M. Lamers et al,

1994 Impaired immune and acute-phase responses in interleukin-6-
deficient mice. Nature 368: 339-342.

Laupland, K. B., D. L. Church, M. Mucenski, L. R. Sutherland, and H. D.
Davies, 2003  Population-based study of the epidemiology of and the
risk factors for invasive Staphylococcus aureus infections. J. Infect. Dis.
187: 1452-1459.

McClurg, P., J. Janes, C. Wu, D. L. Delano, J. R. Walker et al.,

2007 Genomewide association analysis in diverse inbred mice: power
and population structure. Genetics 176: 675-683.

Moreau, M. E., N. Garbacki, G. Molinaro, N. J. Brown, F. Marceau et al.,
2005 The kallikrein-kinin system: current and future pharmacological
targets. J. Pharmacol. Sci. 99: 6-38.

Morizane, S., K. Yamasaki, F. D. Kabigting, and R. L. Gallo, 2010  Kallikrein
expression and cathelicidin processing are independently controlled in

700 | N.V. Johnson et al.

keratinocytes by calcium, vitamin D(3), and retinoic acid. J. Invest.
Dermatol. 130: 1297-1306.

Nadeau, J. H,, J. B. Singer, A. Matin, and E. S. Lander, 2000 Analysing
complex genetic traits with chromosome substitution strains. Nat. Genet.
24: 221-225.

Noble, W. C., H. A. Valkenburg, and C. H. Wolters, 1967 Carriage of
Staphylococcus aureus in random samples of a normal population. J. Hyg.
(Lond.) 65: 567-573.

Payseur, B. A, and M. Place, 2007 Prospects for association mapping in
classical inbred mouse strains. Genetics 175: 1999-2008.

Pletcher, M. T., P. McClurg, S. Batalov, A. I. Su, S. W. Barnes et al.,

2004 Use of a dense single nucleotide polymorphism map for in silico
mapping in the mouse. PLoS Biol. 2: e393.

Rangnekar, A. S., F. Lammert, A. Igolnikov, and R. M. Green,

2006 Quantitative trait loci analysis of mice administered the methio-
nine-choline deficient dietary model of experimental steatohepatitis. Liver
Int. 26: 1000-1005.

Smith, J. D., D. James, H. M. Dansky, K. M. Wittkowski, K. J. Moore et al.,
2003 In silico quantitative trait locus map for atherosclerosis suscepti-
bility in apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc.
Biol. 23: 117-122.

Sotiropoulou, G., and G. Pampalakis, 2010 Kallikrein-related peptidases:
bridges between immune functions and extracellular matrix degradation.
Biol. Chem. 391: 321-331.

Sotiropoulou, G., G. Pampalakis, and E. P. Diamandis, 2009 Functional
roles of human kallikrein-related peptidases. J. Biol. Chem. 284: 32989-
32994.

Storey, J. D., and R. Tibshirani, 2003  Statistical significance for genomewide
studies. Proc. Natl. Acad. Sci. USA 100: 9440-9445.

Tong, S. Y., E. J. Bishop, R. A. Lilliebridge, A. C. Cheng, Z. Spasova-Penkova
et al., 2009 Community-associated strains of methicillin-resistant
Staphylococcus aureus and methicillin-susceptible S. aureus in indigenous
Northern Australia: epidemiology and outcomes. J. Infect. Dis. 199: 1461~
1470.

Tsaih, S. W., and R. Korstanje, 2009 Haplotype association mapping in
mice. Methods Mol. Biol. 573: 213-222.

van der Poll, T., C. V. Keogh, X. Guirao, W. A. Buurman, M. Kopf et al,
1997 Interleukin-6 gene-deficient mice show impaired defense against
pneumococcal pneumonia. J. Infect. Dis. 176: 439-444.

von Kockritz-Blickwede, M., M. Rohde, S. Oehmcke, L. S. Miller, A. L.
Cheung et al., 2008 Immunological mechanisms underlying the genetic
predisposition to severe Staphylococcus aureus infection in the mouse
model. Am. J. Pathol. 173: 1657-1668.

Walter, N. A, S. K. McWeeney, S. T. Peters, J. K. Belknap, R. Hitzemann
et al., 2007 SNPs matter: impact on detection of differential expression.
Nat. Methods 4: 679-680.

Yang, I. V., C. M. Wade, H. M. Kang, S. Alper, H. Rutledge et al.,

2009 Identification of novel genes that mediate innate immunity using
inbred mice. Genetics 183: 1535-1544.

Zimakoff, J., V. T. Rosdahl, W. Petersen, and J. Scheibel, 1988 Recurrent

staphylococcal furunculosis in families. Scand. J. Infect. Dis. 20: 403-405.

Communicating editor: D.-]. de Koning

= G3-Genes | Genomes | Genetics



