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ABSTRACT OF THE DISSERTATION

Genomic and metagenomic studies of the gut and skin microbiome with probiotic applications

by

Jared Liu
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2016

Professor Huiying Li, Chair

Growing knowledge of the human microbiome has increased interest in probiotics, which
can affect both the host and the microbiota. Genomic and metagenomic analyses can elucidate
these effects and thereby provide important considerations for probiotic therapy. This
dissertation describes genomic and metagenomic studies of two potential probiotic
microorganisms, the gut bacterium Lactobacillus johnsonii and the bacteriophage of the skin

commensal Propionibacterium acnes.

Studies in an Atm-deficient mouse model of ataxia telangiectasia revealed that lymphoma
latency, lifespan, and systemic genotoxicity are associated with the abundances of specific
intestinal microbes, such as L. johnsonii. We isolated a strain of this species, 456, and observed
that systemic genotoxicity and inflammation were reduced when 456 was inoculated into these
mice. Strain 456 also reduced genotoxicity in wild-type mice but exacerbated genotoxicity
induced by whole-body proton irradiation. Genome comparison of strain 456 with 8 other

sequenced L. johnsonii strains revealed that 456 was genetically distant from other mouse



isolates. Analysis of non-core genomic regions additionally revealed potential host-attachment

proteins specific to the genome of 456.

| next investigated the diversity and host interactions of phages that infect P. acnes, a
commensal bacterium implicated in acne pathogenesis and several other diseases. Genome
comparison of P. acnes phages isolated from acne patients and healthy individuals revealed that
populations of these viruses are often dominated by one strain and that phage strains could be
shared among both related and unrelated individuals. Phage infection can result in lysis,
pseudolysogeny, or resistance depending on the P. acnes lineage. Metagenomic analysis further
revealed that phage populations are prevalent at varying abundance across individuals, are highly
personal, and show limited genetic change over time within individual strains. P. acnes phages

may potentially be transmitted between related individuals.

Based on these studies, the effectiveness of L. johnsonii probiotics may depend on strain
genetics as well as the conditions under which they are applied. Effective phage therapy for P.
acnes-associated diseases may depend on the structure and dynamics of an individual’s P. acnes
and phage populations. These considerations merit further investigation in the context of these

microbes as well as other probiotics.
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Chapter 1

Introduction



The past decade of research on the human microbiome has expanded perceptions about
the relationship between humans and their associated microbes. Building upon the past two
centuries of work that linked specific microbial pathogens to many infectious diseases, a new era
of investigation is now underway to understand the collective impact of entire microbial
communities on human health and disease. Aided by advances in sequencing technologies,
studies of the microbiota inhabiting various human body sites have revealed previously
unconsidered connections between many inflammatory and metabolic diseases (1, 2), as well as
the development of certain cancers and neurological and psychological disorders (3), to
disturbances in the relevant microbial communities. Combined with further evidence that these
altered communities produce specific metabolites, signaling factors, or physiological alterations
relevant to these diseases (1), these observations established the current understanding that
microbial dysbiosis, even in the absence of a clear pathogen, can play an important role within
the multifactorial etiology of these diseases.

Growing knowledge of the health impacts of microbial communities have naturally led to
increased interest and changing perspectives on the use of probiotics, which are defined, viable
microorganisms that are administered to specific sites, typically the gut, to treat or prevent
disease. Well-documented effects of probiotics include their ability to directly affect the host via
immunomodulatory or metabolic mechanisms (4). However, many of their purported health
benefits still lack experimental confirmation, and their efficacy for some diseases remains
questionable in light of conflicting studies (4). As probiotics have more recently been shown to
alter the composition of the endogenous flora in humans (5) and in animal models (4, 6, 7),
investigation of their community-level effects may permit a clearer evaluation of their

effectiveness.



Genomic and metagenomic analyses can elucidate these host- and microbiota-directed
effects of a potential probiotic microbe and thereby provide important considerations for its
therapeutic application. For instance, sequencing and comparison of genomes from probiotic and
related but non-probiotic strains can provide insight into the mechanisms of host-specific
adaptations (8) and probiotic effects (9). Genetic comparisons between probiotic strains as well
as investigations of how their abundance interacts with host genetics have also been used to form
hypotheses about the interpersonal viability and compatibility of probiotic strains (10, 11).
Finally, metagenomic analyses have demonstrated that probiotics can change the composition
and diversity of the gut microbiota (12, 13) and that these alterations may be site-specific within
the target organ (14).

This dissertation describes genomic and metagenomic studies of two potential probiotic
microorganisms, the gut bacterium Lactobacillus johnsonii and a bacteriophage of the skin
bacterium Propionibacterium acnes. L. johnsonii is a Gram-positive commensal bacterium found
in the gut microbiota of many vertebrates, including humans. It is a common commercial
probiotic that has been studied for its pathogen-inhibiting (15-17) and immunomodulatory (18,
19) properties. This latter capacity to reduce host inflammation and promote immunotolerance
may underlie a broader application of this probiotic, and modification of the gut microbiota in
general, to the prevention or mitigation of genotoxicity in individuals genetically or
environmentally vulnerable to DNA damage. The first study evaluates this hypothesis using
mouse models of genotoxicity and a strain of L. johnsonii, 456, that has been isolated from these
mice. The host-targeted effects of this isolate are investigated through in vivo experiments and by

comparison of its genome to other sequenced L. johnsonii strains.



The second study investigates the microbiota-targeted effects of P. acnes bacteriophages,
which can potentially be used as a skin probiotic. P. acnes is a major human skin commensal and
has been implicated in the common skin disease acne vulgaris as well as other infections. Since
its discovery in the early 1960s, the P. acnes phage had been scantly studied outside of its use as
a typing method for P. acnes strains. However, there has been increased interest in applying the
Iytic activity of this phage to treat P. acnes-related diseases. Effective therapeutic application of
phages to control pathogenic P. acnes strains requires an understanding of their ecology and
bacterium-phage interactions, which is currently lacking. Thus, genome analysis and comparison
were used to characterize the diversity of P. acnes phages and their interaction with P. acnes in
the human skin microbiome. An analysis of skin metagenomes was then performed to determine
the inter- and intra-individual diversity and dynamics of phage populations. The resulting
insights into the distribution, host-specificity, and population-level changes of these phages can
form the theoretical foundation for therapeutic strategies that aim to reduce pathogenic P. acnes
strains in an individual’s skin microbiota with minimal disturbance to commensal or probiotic P.

acnes strain populations.



Chapter 2
Intestinal Bacteria Modify Lymphoma Incidence and Latency by Affecting Systemic

Inflammatory State, Oxidative Stress, and Leukocyte Genotoxicity
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Cancer
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Intestinal Bacteria Modify Lymphoma Incidence and Latency
by Affecting Systemic Inflammatory State, Oxidative Stress,

and Leukocyte Genotoxicity

Mitsuko L. Yamamoto', Irene Maier?, Angeline Tilly Dang®, David Berry®, Jared Liu', Paul M. Ruegger®,
Jiue-in Yang®, Phillip A. Soto®, Laura L. Presley®, Ramune Reliene', Aya M. Westbrook', Bo Wei,
Alexander Loy®, Christopher Chang®*, Jonathan Braun', James Borneman®, and Robert H. Schiestl'*

Abstract

Ataxia-telangiectasia is a genetic disorder associated with high incidence of B-cell lymphoma. Using an ataxia-

telangiectasia mouse model, we compared lymphoma incidence in several isogenic mouse colonies harboring

different bacterial communities, finding that intestinal microbiota are a major contributor to disease penetrance

and latency, lifespan, molecular oxidative stress, and systemic leukocyte genotoxicity. High-throughput sequence

analysis of rRNA genes identified mucosa-associated bacterial phylotypes that were colony-specific. Lactobacillus

johnsonii, which was deficient in the more cancer-prone mouse colony, was causally tested for its capacity to

confer reduced genotoxicity when restored by short-term oral transfer. This intervention decreased systemic

genotoxicity, a response associated with reduced basal leukocytes and the cytokine-mediated inflammatory state,

and mechanistically linked to the host cell biology of systemic genotoxicity. Our results suggest that intestinal

microbiota are a potentially modifiable trait for translational intervention in individuals at risk for B-cell

lymphoma, or for other diseases that are driven by genotoxicity or the molecular response to oxidative stress.

Cancer Res; 73(14); 4222-32. ©2013 AACR.

Introduction

Ataxia-telangiectasia is an autosomal recessive disorder
associated with high incidence of lymphoid malignancies,
neurological degeneration, immunodeficiency, radiation sen-
sitivity, and genetic instability (1). Approximately 30% to 40% of
all patients with ataxia-telangiectasia develop neoplasia during
their life (2): more than 40% of tumors are non-Hodgkin B-cell
lymphomas, about 20% acute lymphocytic leukemias, and 5%
Hodgkin lymphomas (3). Ataxia-telangiectasia is caused by
biallelic mutations in the ATM gene. More than 600 different
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Fielding School of Public Health, *Department of Microbiology, Immunol-
ogy, and Molecular Genetics, University of California; “Division of Gastro-
enterology, Cedars-Sinai Medical Center, Los Angeles; SDepartment of
Plant Pathology and Microbiology, University of California, Riverside,
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Corresponding Authors: James Borneman, University of California, Riv-
erside, 3401 Watkins Dr, Riverside, CA 92521. Phone: 951-827-3584; Fax:
951-827-4294; E-mail: borneman@ucr.edu; and Robert H. Schiestl. Phone:
310-267-2087; Fax: 310-267-2578; E-mail: rschiestt@mednet.ucla.edu

doi: 10.1158/0008-5472.CAN-13-0022
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ATM mutations have been described (www.LOVD.nl/ATM).
The ATM gene encodes a ~350-kDa protein, phosphoinositide
3-kinase, which is expressed abundantly in multiple tissues (4)
and plays an important role in cell-cycle checkpoint control as
well as repair responses to DNA double-strand breaks (DSB;
ref. 5). Absence of functional ATM protein results in chromo-
somal breakage and rearrangements, aberrant V(D)] recom-
bination, and heightened sensitivity to radiation and chemicals
with radiomimetic and prooxidant activity.

Although investigations into ataxia-telangiectasia have been
greatly enhanced by the development of mouse models, disease
penetrance in genetically identical mouse colonies at different
laboratories can vary widely. Some ATM-deficient (Atm ™)
mice develop early lymphomas and have short lifespans (2-5
months; ref. 6), whereas others display dramatically delayed
phenotypes, where 50% of the mice remain viable after 7 to 12
months (7, 8). Lifespan studies on inbred and mixed back-
ground mice have failed to show phenotypic differences (9),
suggesting that other factors besides genetic diversity are
contributing to disease penetrance. Environmental factors
such as housing conditions and diet have been postulated to
be contributing factors (10). In this study, we examined anoth-
er potential contributor—the intestinal microbiota.

Intestinal bacteria have been implicated in several types of
cancer. In animal models of colorectal cancer, lower incidences
in germ-free or antibiotic-treated animals point toward intes-
tinal microbes playing a causative role (11, 12). Helicobacter
species have been associated with enhanced carcinogenesis
including liver cancer, colon cancer, and mammary carcinoma
(13). Bacterial products have also been associated with

Cancer Res; 73(14) July 15, 2013
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Bacteria Modify Lymphoma Penetrance in Atm ™/~ Mice

increased immune activation and inflammation as well as
hyperplasia (14, 15). Conversely, probiotic formulations con-
taining lactic acid bacteria have been shown to reduce the
incidence of chemically mediated hepatocellular carcinoma
and colon cancer in rats (16).

The objective of this study was to examine the role of
intestinal bacteria in the penetrance of lymphoma in Atm ™/~
mice. We first show the effects of housing and intestinal
bacteria on lifespan, lymphoma latency, oxidative stress, and
systemic DNA damage (or genotoxicity). Next, high-throughput
sequence analysis was used to identify mucosa-associated
bacteria from animals reared in 2 distinct housing conditions,
differing in intestinal microbiota and the aforementioned ATM-
deficient traits. Finally, after determining that Lactobacillus
Jjohnsoniiwas higher in abundance in our more cancer-resistant
mouse colony, we showed its ability to reduce systemic inflam-
mation and genotoxicity when administered to animals from
our more cancer-prone colony.

Materials and Methods

Animal housing and husbandry

Atm™'™ mice were obtained by intercrossing At~ mice
and identified by genotyping (see Supplementary Materials
and Methods for additional details). Mice were housed under
standard conditions in accordance with the Animal Research
Committee at University of California Los Angeles (UCLA, Los
Angeles, CA). Mice were housed under 2 types of specific
pathogen-free (SPF) conditions, where either sterile (SPF-S)
or nonsterile (SPF-N) food, water, and bedding were used.
Atm™"~ mice harboring restricted microbiota (RM) and con-
ventional microbiota (CM) were created by rederivation as
described in the study by Fujiwara and colleagues (17) and by
antibiotic treatment (18) followed by orogastric gavage of CM
feces, respectively.

Mouse longevity studies

For the longevity studies, Atm ™/~ mice were kept until they
developed signs of tumors or became sick according to ARC
protocols, at which time they were euthanized, or if nonsymp-
tomatic kept until they were found dead. Mice were sent to a
veterinary pathologist for necropsy. Differences in longevity
and lymphoma latency were analyzed using the log-rank test.

Pun reversion assay

Pun reversions were counted in mice that were 10-days-old.
Pun reversions can be seen as a black spot on the fur and were
counted as described previously (19). Statistics were done
using the y test.

Oxidative stress

Frozen blood was prepared for enzymatic measurement of
the oxidized form of glutathione using the Bioxytech GSH:
GSSG-412 Kit Assay (Oxis). Reduced GSH and GSSG were
determined separately by reaction with glutathione reductase.
The colorimetric assay was conducted in triplicate for each
blood sample from all male experimental Atz '~ mice. Data
were expressed as the ratio of free GSH to GSSG.

Micronucleus assay

Micronuclei were examined in peripheral blood erythrocytes
collected from ~6-month-old mice and stained with Wright-
Giemsa (Sigma-Aldrich). At least 2,000 erythrocytes were
counted at x100 magnification as described previously (20).
Statistics were done using Student ¢ tests.

Alkaline comet assay

DNA strand breaks were measured in peripheral blood cells
using the alkaline comet assay. Blood was collected from the
facial vein of mice approximately 6-months-old and diluted 1:1
with RPMI + 20% dimethyl sulfoxide (DMSO) for storage at
—80°C until the assay was conducted. The comet assay was
basically conducted as previously described (20). Statistical
analyses were done using Student ¢ tests.

Bacteria community analyses of SPF-N and SPF-S mice
Fecal pellets from Afm'’~ mice (SPF-N and SPF-S) were
collected and immediately snap-frozen in liquid nitrogen and
stored at —80°C. Nucleic acids from fecal pellets were purified
using a phenol-chloroform extraction with bead-beating and a
fragment of the 16S rRNA gene targeting the V6-V9 region of
most bacteria was amplified with PCR primers 909F (5'-ACT-
CAAAKGAATWGACGG-3') and 1492R (5-NTACCTTGTTAC-
GACT-3'). The template was amplified and tagged with a
sample-specific 8-nt barcode sequence via a 2-step, low cycle
number, barcoded PCR protocol. Pyrosequencing was con-
ducted on a GS FLX 454 sequencer at the Norwegian Sequenc-
ing Centre. Pyrosequencing reads were quality-filtered using
LUCY and clustered into phylotypes at 97% identity using
UCLUST. Taxonomic classifications were assigned, and alpha
and beta diversity metrics were produced using the QIIME
software package (21). The VEGAN package was used for
permutational multivariate analysis of variance and the indis-
pecies package was used to identify phylotypes that were
indicators for a colony type; identifying indicators involves
analysis of occurrence and abundance. To focus on abundant
indicators, we considered only indicators that had an elevated
relative abundance of at least 1% (e.g., 0.5%-1.5%). See Sup-
plementary Materials and Methods for additional details.

Bacteria community analyses of CM and RM mice
Intestinal mucosa samples of CM and RM mice were
obtained as described in the study by Presley and colleagues
(22). DNA was extracted from these samples using the Power-
Soil DNA Isolation Kit (MO BIO Laboratories), and a 30-second
beat-beating step using a Mini-Beadbeater-16 (BioSpec Pro-
ducts). One hundred microliter PCR amplification reactions
were conducted in an MJ Research PTC-200 thermal cycler
(Bio-Rad Inc.). PCR primers targeted a portion of the 16S
and 23S rRNA genes and the hypervariable intergenic region,
with the reverse primers including a 12-bp barcode (Supple-
mentary Tables Sla and S1b). PCRs contained: 50 mmol/L Tris
(pH 8.3), 500 LLg/mL bovine serum albumin, 2.5 mmol/L MgCl,,
250 wmol/L of each deoxynucleotide triphosphate (ANTP), 400
nmol/L of forward PCR primer, 200 nmol/L of each reverse PCR
primer, 4 UL of DNA template, and 2.5 units JumpStart Taq
DNA polymerase (Sigma-Aldrich). Thermal cycling parameters

www.aacrjournals.org

Cancer Res; 73(14) July 15, 2013



Yamamoto et al.

were 94°C for 5 minutes; 35 cycles of 94°C for 20 seconds, 56°C
for 20 seconds, and 72°C for 40 seconds, and followed by 72°C
for 5 minutes. PCR products were purified using a MinElute 96
UF PCR Purification Kit (Qiagen). DNA sequencing was con-
ducted using an Ilumina HiSeq 2000 (Illumina, Inc.). Clusters
were created using a template concentration of 2.5 pmol/L.
One hundred base sequencing reads of the 5'-end of the
amplicons and 7 base barcode reads were obtained using the
sequencing primers listed in Supplementary Table Slc. De-
multiplexing, quality control, and operational taxonomic units
(OTU) binning were conducted using QIIME (21). OTUs were
binned at 97% identity.

L. johnsonii isolation and oral inoculation experiments

L. johnsonii (strain L]-RS-1) was isolated from RM wild-type
mouse feces using Lactobacillus Selection Agar (BD). For the
oral inoculation experiments, this bacterium was grown on LB
agar supplemented with 2% glucose and 0.05% (wt/vol) cyste-
ine at 37°C under anaerobic conditions. The strain was grown
overnight and suspended in PBS. Before inoculation with L.
_Jjohnsonii, CM Atm™'~ mice were treated with 1 g/L ampicillin
(Sigma-Aldrich), neomycin (Thermo Fisher Scientific), and
metronidazole (Baxter) and 500 mg/L vancomycin (Hospira)
in their drinking water for 1 week as described previously (18).
Then, 10° colony-forming units (CFU) of L. johnsonii was
administrated every other day by orogastric gavage to a group
of 8 animals for 4 successive weeks; in addition, the drinking
water for same group of animals contained 10° CFU/mL of L.
Jjohnsonii. Fecal population densities of L. johnsonii were mea-
sured before, during, and after L. johnsonii administration,
using a previously described sequence-selective quantitative
PCR (qPCR) assay (22). After 4 weeks, mice were euthanized
using 3% isoflurane and analyzed as described below.

Gene expression by real time-PCR

RNA from peripheral blood mononuclear cells (PBMC) or
tissue was collected by phenol-chloroform extraction followed
by ethanol precipitation. Pellets were resuspended in nucleo-
tide-free water, and RNA was treated with 200 units of DNase I
(Ambion) for 2 hours at 37°C. RNA levels of TGF-f, interleukin
(IL)-1B, IL-4, IL-10, IL-10, IFN-y, and myeloid differentiation
primary response gene 88 (MYDS88) were determined from
c¢DNA and compared as relative expression changes in L.
Jjohnsonii-treated animals compared with PBS-treated ani-
mals. Real time (RT)-PCR of gene expression was carried out
using the TagMan Gene Expression Assays System (Applied
Biosystems). The level of gene transcription was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Flow cytometry

PBMC:s or tissue cell pellets were resuspended in staining
buffer. Lymphocytes were stained with CD3, CD4, CD19, and
CD335 antibodies (Biolegend). Cells were fixed in 4% parafor-
maldehyde-PBS and scanned on a Becton Dickinson FACS
Calibur flow cytometer. A minimum of 25,000 events were
collected. Flow cytometry data were analyzed using Tree Star
FlowJo software. Statistical analyses (Student ¢ test) were used
to determine if mean values were different (P < 0.05).

Sequence data

DNA sequence data have been deposited at the NCBI Short
Read Archive under accession numbers SRA059288 and
SRX256360.

Results

Housing affects genetic instability, lifespan, and
lymphoma latency of Atm /™ mice

When the Schiestl laboratory moved their mice from Har-
vard University to UCLA in the year 2000, the median lifespan of
their Afm ™/~ mice began to increase over a 7-year period from
approximately 4 to 12 months (unpublished observations). To
examine the influence of housing conditions on traits associ-
ated with ATM deficiency, we first compared Atm ™~ and wild-
type mice from 3 housing conditions: (i) Harvard housing and
(ii and iii) UCLA housing in SPF conditions with either sterile
(SPF-S) or nonsterile (SPF-N) food, water, and bedding. Genetic
instability was assessed using the p"" reversion assay, which
measures DNA deletion events repaired by homologous
recombination (19). Atm ™/~ mice at Harvard had a signifi-
cantly higher level of genetic instability compared with their
wild-type littermates (Fig. 1A; ref. 19). As lifespan increased in
the Atm™/~ mice over 7 years under SPF-S conditions, DNA
deletion frequency decreased to 10%. These levels are compa-
rable to the wild-type mice (Fig. 1A), indicating loss of the
abnormally high genetic instability that has been recognized as
a hallmark of Afm™/~ mice and human cells from ataxia-
telangiectasia subjects (19, 23). Conversely, DNA deletion
frequencies of Atm ™/~ mice housed under SPF-N conditions
were 43%, a level even higher than those observed in the
Harvard colony (Fig. 1A). Atm™’~ mice housed under SPF-N
conditions also had an increased level (P < 0.05) of DNA
deletions compared with their wild-type littermates (Fig. 1A).

Focusing on the 2 UCLA Atm '~ mouse colonies, we then
compared lifespan and lymphoma latency. SPF-N mice exhib-
ited significantly shorter lifespans than SPF-S mice (44 vs. 51
weeks; Fig. 1B). As Atm™’~ mice primarily die from lymphomas
(6), we examined the cause of mortality or morbidity. Although
the incidence of lymphomas was similar between mice housed
in SPF-N (74%) and SPF-S (76.5%) conditions, time of onset was
significantly shorter in the SPF-N mice (Fig. 1C). The median
age at which SPF-N mice died of lymphoma was 25 weeks
compared with 60 weeks for SPF-S mice. These results are
consistent with the observed increase in SPF-N genetic insta-
bility (Fig. 1A), likely the primary driver of accelerated carci-
nogenesis. The decreased lymphoma latency in SPF-N mice
was also the major cause of the decreased lifespan as the
lymphoma-free mice in the SPF-N and SPF-S conditions had
similar lifespans (data not shown).

After observing the striking effects of housing on ATM-
deficient traits, we examined the intestinal bacteria from fecal
pellets of Atm™~ mice in these 2 UCLA mouse colonies. High
throughput sequence analysis of bacterial 16S rRNA genes
revealed that these 2 colonies harbor distinct microbial com-
munities (Fig. 1D). An indicator analysis identified several
species-level phylotypes whose populations were higher in
CM versus RM mice, suggesting a possible causative role in
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carcinogenesis. One correlate is a member of the Helicobac-
teriaceae, which are bacteria known to promote cancer (Sup-
plementary Fig. S1).

Atm~'~ mice with RM have an increased lifespan and
decreased systemic genotoxicity and oxidative stress

To further investigate the role of intestinal microbiota in
lymphoma penetrance, we created Atm ™/~ mice harboring
RM and CM, which were created by rederivation as des-
cribed by Fujiwara and colleagues (17) and by antibiotic
treatment (18) followed by orogastric gavage of CM feces,
respectively. These models were chosen because CM and
RM harbor distinct intestinal microbiota (17, 22, 24), and
RM mice possess immunologic traits that can potentially
influence lymphoma penetrance, including unusually high
levels of cytolytic central memory CD8+ T cells that target
neoplastic cells. In addition, as RM mice are physically
isolated from other colonies, their immunologic traits have
persisted for many years, providing a stable platform for our
investigations.

Lifespan in the 2 mouse colonies was significantly different,
with median survival of CM mice (31.1 weeks) being shorter

than RM mice (45.6 weeks; Fig. 2A). Examination of systemic
genotoxicity using different metrics showed that Atm ™/~ mice
with CM microbiota exhibited higher levels of DNA damage
than those with RM microbiota. Similar differences were not
found between SPF-N and SPF-S mice. Clastogenic DNA dam-
age, determined by the presence of micronuclei in peripheral
blood erythrocytes, was nearly 85% higher in CM versus RM
mice (Fig. 2B). DNA strand breaks, measured by the alkaline
comet assay, were also higher in CM than in RM mice (Fig. 2C).
Levels of DNA strand breaks were determined by the Olive tail
moment (Fig. 2C) and confirmed by analysis of percent tail
DNA at the 80th percentile (data not shown).

As oxidative stress can be produced by intestinal microbiota
both directly and indirectly (25, 26), and oxidative stress is
associated with both genotoxicity and carcinogenesis (27), we
also assessed the antioxidant state of At~ mice harboring
CM and RM microbiota. Glutathione (GSH) is a major cellular
antioxidant linked to several diseases including cancer. A
metric of oxidative stress can be expressed as the ratio of GSH
to GSSG (the dimeric oxidized form) in peripheral blood. We
found that Az~ mice harboring CM microbiota had higher
levels of oxidative stress (lower GSH/GSSG ratios) than RM
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mice (Fig. 2D), suggesting that it may also play a role in
lymphoma penetrance in this model system.

The results presented in Fig. 1 indicate that sterility may play
a role in carcinogenesis in Afm " mice; the results in Fig, 2
suggest that the intestinal microbiota is a major contributor to
the phenotypic differences observed within and among iso-
genic Atm '~ mouse colonies (9).

Microbiota in CM and RM mice are distinct

A high-throughput sequence analysis revealed broad taxo-
nomic differences in bacterial rRNA gene composition from the
intestinal mucosa of CM and RM mice. We conducted this
analysis because all prior investigations of CM and RM micro-
biota were relatively shallow in depth (17, 22, 24). A UniFrac
analysis showed that the bacterial communities between CM
and RM mice are distinct (Fig. 3A and B). The majority of rRNA
gene sequences were classified into the phyla Bacteroidetes/
Chlorobi (purple, Fig. 3C) and Firmicutes (light green, Fig. 3C).
However, the most consistent phyla-level difference between
CM and RM was in the Proteobacteria (sage green with
asterisks, Fig. 3C), with the most statistically significant differ-
ences oceurring in the Atm '~ mice (Fig. 3D). Although com-
positional differences were detected between mouse genotypes

(Atm™" vs. Atm™") and intestinal regions (small intestine vs.
colon), CM versus RM provided the most distinct groupings
(Fig. 3A and B). A more comprehensive analysis is provided in
Supplementary Table S2.

An analysis of the rRNA gene sequences at a finer taxonomic
level revealed several OTUs from the intestinal mucosa that
were differentially abundant in CM and RM mice (Fig. 4A). We
consider differentially abundant OTUs worthy of further study
because they might represent individual bacterial species
participating in the enhancement or inhibition of systemic
genotoxicity or other pertinent CM-RM metrics. The closest
BLAST hit of one of the most abundant OTUs in many RM
habitats was Porphyromonas asaccharolytica (98% identity to
CP002689, 43% coverage; light blue with black asterisks, Fig.
4A). This phylotype was significantly more abundant in RM
than CM At~ mice in both the small intestine and colon,
and it comprised at least 50% of the total sequencing reads
from these habitats (Fig. 4B), warranting further investigation
as a potential inhibitor of systemic genotoxicity. Similarly,
another OTU exhibiting higher populations in RM habitats of
Atm™’~ mice (Fig. 4C; and maroon with white asterisks, Fig. 4A)
was identical to L. johnsonii (100% identity to CP002464, 100%
coverage). A phylotype that was more abundant in CM than RM
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mice and therefore a candidate for causing the observed gen-
otoxicity, included a member of the Helicobacteriaceae (Sup-
plementary Table S3). A more comprehensive OTU analysis is
provided in Supplementary Table S3.

L. johnsonii decreases systemic inflammation and
genotoxicity in Atm ™/~ mice

To verify whether individual bacteria were contributing to
the differential systemic genotoxicity detected in CM and RM
mice, we carried out oral inoculation experiments. The high-

, respectively. Differences were assessed by Mann-Whitney U tests.

throughput sequence analysis had identified numerous phy-
lotypes exhibiting higher populations in RM than CM mice—a
feature suggesting a possible beneficial role. We attempted to
culture 2 of the most abundant of these (Fig. 4B and C) and
successfully isolated and grew L. johnsonii from RM mice in
pure culture; the rRNA gene sequence of our L. johnsoniiisolate
is identical to the one identified by the high-throughput
sequence analysis (Fig. 4C).

CM Atm ™~ mice were orally gavaged with 10° CFU of
L. johnsonii every other day for 4 weeks. Fecal qPCR targeting
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L. johnsonii showed again the deficiency of this phylotype in
CM Atm™/~ mice and also that periodic administration
resulted in successful establishment and maintenance of
high enteric levels (Fig. 5A). After this 4-week period, L.
johnsonii but not the vehicle control (PBS) resulted in
reduced micronucleus levels (Fig. 5B); however levels of
DNA strand breaks were not significantly changed as mea-
sured by the COMET assay or YH2AX focus formation (data
not shown). This was a time-dependent effect, as no differ-
ence was observed after only 1 or 2 weeks of treatment
(Supplementary Fig. S2a).

As systemic genotoxicity is induced by innate inflammatory
mediators (20, 28), we analyzed the effect of L. johnsonii
administration on basal systemic inflammatory parameters
in these mice. In the liver, L. johnsonii significantly reduced the
abundance of both hepatic natural killer (NK) and T cells (Fig.
5C and D). A comparable reduction of these leukocyte subsets
was also observed in the splenic and blood compartments
(Supplementary Fig. S2b and S2c). With respect to molecular
mediators, L. johnsonii treatment significantly reduced levels of
the pro-inflammatory cytokines IL-1B and IFN-y, and elevated
the levels of the anti-inflammatory cytokines TGF-f and IL-10
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(Fig. 5E). Similar changes were also observed in the blood
compartment (Supplementary Fig. S2d).

These findings indicate that short-term administration of
the single RM-associated bacterium, L. johnsonii, recapitulated
the reduction of systemic micronucleus formation observed in
RM mice, a host effect associated with reduced systemic
inflammatory activity.

Discussion

Our results are the first to show a relationship between
intestinal microbiota and lymphoma onset. In addition, these
investigations generated a detailed catalog of bacterial phylo-
types that are differentially abundant between CM and RM
mice, thereby providing candidates that may influence a wide
range of traits from systemic genotoxicity (this study), oxida-
tive stress (this study), colitis resistance (29), pathogen clear-
ance (30) and selective reduction of marginal zone (MZ) B cells
(31), plasmacytoid dendritic cells (pDC; ref. 17), and invariant
natural killer (iNK) T cells (24). Moreover, we isolated one
highly enriched species, L. johnsonii, from RM mice and sub-
sequently showed its ability to decrease systemic inflammation
and micronucleus formation in Atm ™
lation experiments. Below, we propose several mechanistic

" mice via oral inocu-

hypotheses of how L. johnsonii might influence these important
host traits.

First, L. johnsonii may reduce systemic genotoxicity by
inhibition of basal intestinal inflammatory activity and its
systemic sequelae. Our recent work revealed that intestinal
inflammation-associated genotoxicity occurs not only locally
but also systemically. Using either a model chemical inflam-
matory agent, dextran sodium sulfate, or immune-mediated
genetic models to induce local intestinal inflammation, we
found that systemic genotoxicity was elevated in peripheral
lymphocytes, an effect amplified in Atm ™~ versus wild-type
mice (20). Moreover, such lymphocyte genotoxicity is partic-
ularly abundant in the B lymphocyte subset, the progenitor cell
type for B-cell lymphoma (the predominant cancer in patients
with ataxia-telangiectasia; ref. 32). Genetic and intervention
studies have revealed that one factor is systemic dispersal of
the intestinal cytokine TNFo, which permits genotoxicity in
TNFo receptor-bearing lymphocytes remote from the intes-
tinal compartment, in a process dependent on cell-autono-
mous, NF-kB and AP-1 induction of reactive oxygen and
nitrogen species (RONS; ref. 28).

The present study documents the reduction of several
systemic measures of inflammatory activity after L. johnsonii

www.aacrjournals.org

Cancer Res; 73(14) July 15, 2013



Yamamoto et al.

restoration in CM Afm ™ mice. There are several known anti-
inflammatory mechanisms of Lactobacillus spp. that may
account for this host response, including products that directly
modulate the NF-kB inflammatory program of mucosal epi-
thelial and hematopoietic cell types, or indirectly by ecolog-
ically changing the composition or functional activity of enter-
ic microbial community (33, 34). Our study also documented
that enteric L. johnsonii resulted in a reduction in the abun-
dance of hepatic and migratory (blood, splenic) NK and T cells;
a reduction also concordant with their reduced levels in CM
colonies (17, 31). The control of NK and T cells in these
compartments is complex, integrating a diversity of chemoat-
tractant and trophic cytokines. Lactobacillus spp. may either
augment or reduce the production of these key cytokines, by
parenchymal epithelial and hematopoietic cells, depending on
differences in host compartment and Lactobacillus spp. (34,
35). The present study suggests that enteric (dietary) admin-
istration of L. johnsonii may represent a viable strategy to
reduce inflammation-induced genotoxicity.

The ability of L. johnsonii to reduce pathogen-associated
inflammation has been demonstrated in several prior in vivo
investigations, including 2 involving H. pylori, a known cancer-
promoting bacterium. In experiments examining H. pylori
infection in C57BL/6 mice, oral administration of L. johnsonii
over a 3-month period reduced the amounts of lymphocytic
and neutrophilic infiltration of the lamina propria as well as
proinflammatory chemokines (36). Similarly, L. johnsonii
reduced both H. pylori populations and gastritis in Mongolian
gerbils (37). A single inoculation of 1-day-old chickens with L.
Jjohnsonii inhibited the colonization and persistence of Clos-
tridium perfringens, a poultry pathogen that causes necrotic
enteritis (38). Finally, prior inoculation of gerbils with L.
Jjohnsonii prevented a persistent infection by the protozoan
parasite, Giardia intestinalis (39).

Second, analysis of the literature suggests that L. johnsonii
reduces immune-mediated oxidative stress and systemic gen-
otoxicity by decreasing NF-xB activation. Linked to cancer and
various inflammatory disorders, NF-xB is involved in manag-
ing responses to a wide range of potentially deleterious stimuli.
Consistent with an agent that downregulates NF-xB activation,
L. johnsonii and other CM-RM-associated microbiota may
affect lymphoma penetrance by altering systemic genotoxicity
caused by immune-mediated oxidative stress. Our results and
others show that oral administration of L. johnsonii reduces
both oxidative stress (40, 41) and systemic genotoxicity (this
study). Mechanistically, there are precedents that microbial
environments modulate cancer formation, in part, through
oxidative stress mediated by inflammatory or carcinogenic
bacterial metabolites on local epithelial cells (15, 42). For
example, inflammation that accompanies H. pylori infection,
S. haematobium infection, or human inflammatory bowel
disease is associated with elevated risk of stomach, bladder,
or colon cancer, respectively (42). In an experimental system
examining vaginal infection of mice with the bacterium Gard-
nerella vaginalis, oral administration of L. johnsonii reduced
levels of proinflammatory cytokines, oxidative stress (iNOS),
and activation of NF-kB (41). An important factor linking
inflammation to neoplasia is genotoxicity from inflamma-

tion-associated oxidative products, created either in trans (due
to local oxidative products of inflammatory cells), and cell
autonomously (due to endogenous intracellular oxidative pro-
ducts induced by receptors to TNFo and other cytokines;
refs. 43, 44). In disease models, enteric colonization of H.
hepaticus elicits innate immune activation, which via TNF-ou
and iNOS induction yields host oxidative products required for
neoplasia.

Finally, genomic analysis of L. johnsonii revealed several
features that may contribute to a superior colonizing ability in
the mucosa and to its ability to outcompete pathogens and
other proinflammatory organisms (45). Attachment to the host
is often a key feature of mucosa-associated microbes. Putative
cell surface proteins in L. johnsonii have similarity to the
mucin-binding protein (MUB) from L. reuteri (46). In addition,
similarities to Fapl and GspB from Streptococcus species
suggest L. johnsonii encodes adhesive and fimbrial proteins,
respectively (47, 48). L. johnsonii also produces a putative cell
surface protein with similarity to an IgA protease, which could
enable it to avoid a key host defense mechanism. In addition, L.
_johnsonii may inhibit potential microbial competitors by pro-
ducing the bacteriocin Lactacin F and by increasing Paneth cell
numbers, which are a host cell type that produces antimicro-
bial compounds (49-50).

In sum, these investigations build on prior work linking
intestinal microbiota, via control of basal levels of inflamma-
tion and oxidative stress, to systemic genotoxicity and carci-
nogenesis. Given that intestinal microbiota is a potentially
modifiable trait, these and related insights hold considerable
promise for translational intervention of B-cell ymphoma and
other diseases driven by immune-mediated oxidative stress
and its resulting systemic genotoxicity. The translational
promise of this approach, exemplified by the present study,
suggests that simple interventions such as sustaining enteric
levels of L. johnsonii may favorably shift microbial composition
and function to reduce basal levels of genotoxicity in a manner
that may reduce cancer risk in susceptible individuals, such as
those bearing the ataxia-telangiectasia genotype.
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Chapter 3

Gut microflora and probiotic treatment affect radiation-induced genotoxicity

Chapter 3 is adapted from “Maier I, Liu J, Ruegger PM, Borneman J, and Schiestl RH.
Intestinal bacterial phylotype indicators convey radiation-induced genotoxicity in microbiota-

restricted and conventional mice. (in preparation)”
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Abstract

The intestinal microbiota is thought to modulate carcinogenesis from endogenous sources
as well as exogenous sources, such as ionizing radiation. We previously reported differences in
radiation-induced systemic genotoxicity in mice raised under distinct microflora conditions. A
probiotic Lactobacillus johnsonii strain, 456, was also shown to reduce genotoxicity in a DNA
repair deficient mouse model. Here we test the oncoprotective effects of this strain on wild-type
mice and under conditions of radiation exposure. Probiotic treatment reduced basal genotoxicity
in conventionally-raised wild-type mice but exacerbated radiation-induced genotoxicity. The
abundance of specific mucosal taxa also differed between mice exposed to different microflora
and irradiation conditions, as well as probiotic treatment. Finally, irradiation inflicted higher
DNA damage on mice raised in restricted microflora conditions compared to conventional
housing, suggesting that protection or predisposition to genotoxicity by the gut microbiota and

probiotics may be context-dependent.

Introduction

The gut microbiota has been found to play a role in determining an individual’s intrinsic
susceptibility to cancer. Besides studies of known oncogenic pathogens such as Helicobacter
pylori (20) in the development of gastric cancer, it has been reported that gut microbial
disturbances during colitis can initiate colorectal cancer (21). Previously, we also observed
microflora-associated differences in systemic genotoxicity and lymphoma incidence using a

mouse model with a genetic DNA repair deficiency (22).

Few studies have examined whether the gut microbiota can also modulate the effects of
exogenous carcinogenic factors, such as exposure to ionizing radiation. lonizing radiation inflicts

both a physiological insult in the form of direct damage to cells and tissues as well as oncogenic
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risk to surviving cells that have sustained DNA alterations. Known clinical effects of acute
radiation exposure, such as diarrhea and mucositis, have been shown to be affected by the gut
microbiota (23, 24), and a previous study conducted in our lab found differences in radiation-

induced genotoxicity in mice raised under different microflora (25).

In this study, we evaluate the effect of a probiotic bacterium, Lactobacillus johnsonii 456,
on radiation-induced genotoxicity. We previously observed that 456 could reduce systemic
inflammation and genotoxicity in our DNA repair deficient mouse model (22), but it is unclear
whether these oncoprotective effects extend to wild-type mice and to exogenous sources of

genotoxicity, such as radiation.

Methods

Animal housing and husbandry

Wild-type C57/BL6J from the Jackson Laboratory (Bar Harbor, ME, USA) were housed
under two types of specific pathogen free conditions, restricted microbiota (RM) and
conventional microbiota (CM) (22), in the Division of Laboratory and Animal Medicine
vivariums at the University of California, Los Angeles (UCLA, Los Angeles, CA). RM mice
were created from a colony that was originally re-derived by Caesarian section and inoculated
with only a few bacterial species as previously described by Fujiwara et al (26). CM mice were
treated with antibiotics (27) followed by orogastric gavage of CM feces (22). In accordance with
the Animal Research Committee at UCLA, either sterile (for RM), or non-sterile (for CM) food,
water and bedding were used. Both mouse colonies were maintained under strictly aseptic and

sterile conditions at the start of the experiments described below.

L. johnsonii culturing and suspension preparation
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L. johnsonii strain 456 was isolated from RM wild-type mouse feces using Lactobacillus
Selection Agar (BD Biosciences, San Jose, CA). For oral administration experiments, 456 was
inoculated from cryogenic stocks onto BBL LBS Agar and incubated anaerobically for 2 days at
37°C. Bacterial growth was collected and washed three times by centrifugation and resuspension
in phosphate-buffered saline (PBS). A final resuspension in 1 mL PBS was adjusted to a density
of 10° colony forming units (CFU)/50 pL as determined by optical density (OD) readings of

serial dilutions at 600 nm (equals OD=0.8 for our setting).

L. johnsonii inoculation and experimental time points of radiation experiments

CM and RM mice for inoculation and radiation exposure studies were born in the
respective colonies and were not treated with antibiotics. CM and RM mice were shipped from
UCLA to Brookhaven National Laboratory (BNL, Upton, NY) and exposed to high-LET protons
at 2.0 GeV/n provided by the NASA Space Radiation Laboratory. The total dose for each whole
body irradiation experiment was 100-150 cGy delivered homogenously over 4-10 minutes with a
dose rate of 12-15cGy/min. Six animals at a time were restrained in conical plastic holders for

each exposure.

5-6 male CM and RM mice older than 6 months were orogastrically gavaged with
suspensions of strain 456 (see above) at 1 day before and 2 days after irradiation. In addition, the
drinking water for the same groups of animals was supplemented with an additional 10° CFU of

the strain.

Female wild-type RM mice were at the age of 4-6 months when they were orally gavaged

with 456 or PBS. Male and female mice for other radiation experiments were at the age of 3-4
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months. Untreated mice were also transported from UCLA to BNL (males and females) and

compared with mice maintained in the animal facilities at UCLA.

RM mice got autoclaved, acidified but sterile drinking water and autoclaved high-fat diet
(crude fat 11%, PMI Nutrition International; Brentwood, MO), whereas CM mice got non-
autoclaved water and non-autoclaved food. After irradiation, both CM and RM mice got
acidified regular but sterile drinking water, and sterile food. All 456-inoculated mice received
acidified drinking water and sterile food (9.6% fat, Prolab RMH 2000 5P06; Labdiet, St. Louis,

MO).

Peripheral blood was drawn from the facial vein at more than 4-6 weeks after irradiation
to examine lymphocyte genotoxicity via immunofluorescence staining of phosphorylated y-
H2AX as previous described (25). After another 3-4 months, mice were euthanized using 3%

isoflurane and bacterial DNA was extracted from small intestine mucosa cells.

Intestinal bacterial analysis

Illumina-based high-throughput sequencing of bacterial 16S rRNA genes from intestinal
mucosa samples (28) was performed with modifications as previously described (29). DNA was
extracted from these samples using the PowerSoil DNA lIsolation Kit (MO BIO Laboratories,
Carlsbad, CA), and a 30-second bead-beating step using a Mini-Beadbeater-16 (BioSpec

Products, Bartlesville, OK).

Sequence processing

Illumina sequencing data were processed with various scripts from Quantitative Insights
Into Microbial Ecology (QIIME), version 1.7.0 (30). QIIME’s split libraries_fastq.py script was

applied to de-multiplex and remove low-quality sequences using default quality parameters,
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except that the minimum number of consecutive high-quality base calls to include a read as a
fraction of input length was set to 0.99 (default = 0.75). All filtered reads had a length of 101 bp.
The total initial number of sequencing reads was 232,332,834. Numbers of sequences removed
by quality parameters: barcode not in mapping file (122,679,717), reads too short after quality
truncation (7,198,500), and one or more Ns (104,671), leaving a total of 102,349,946 filtered

reads (775,378 +/- 198,479 (mean +/- s.d.) per sample).

De novo operational taxonomic units (OTUs) were picked at 97% sequence similarity
with UCLUST (31), resulting in 297,163 OTUs. Smaller OTUs (defined as those containing
1,000 reads or less) were removed, leaving 1,767 OTUs for downstream processing. Putative
taxonomic classification of OTUs was performed with the assign_taxonomy.py script using the
BLAST option against the May 2013 version of the Greengenes database (32), pre-clustered at

97% sequence similarity.

Results

A probiotic L. johnsonii strain reduces basal genotoxicity in wild-type mice

L. johnsonii strain 456 was previously found to reduce systemic genotoxicity in DNA
repair-deficient mice (22), so we first established its effectiveness in wild-type mice raised either
in a conventional microflora (CM) or a restricted microflora (RM) that was described in previous
studies (22, 25, 26). We inoculated 456 into CM and RM mice and measured the
phosphorylation of histone protein y-H2AX, a marker of DNA double-stranded breaks, in whole
blood lymphocytes 12 weeks after inoculation. 456 inoculation into RM mice did not clearly
reduce the frequency of phosphorylated y-H2AX foci relative to untreated mice (Figure 3-1,

“Inhouse” groups). However, in CM mice, which show relatively higher inherent lymphocyte
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genotoxicity, treatment with 456 reduced y-H2AX phosphorylation to a level similar to that of

RM mice (Figure 3-1).

cw - [ Figure 3-1. Strain 456, microbiota, and
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proton-irradiated and y-H2AX foci were
assessed at four weeks post radiation and
compared with unirradiated sham mice
(n=3 for CM, n=4 for RM). y-H2AX foci
were also assessed at twelve weeks after
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n=3 for CM and n=4 for RM) for
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RM mice sustain higher radiation-induced DNA damage than CM mice

We next evaluated the modulatory effects of 456 and microflora conditions on radiation-
induced genotoxicity. We orogastrically inoculated 456 into CM and RM mice 1 day before and
2 days after exposure to 1 — 1.5 Gy high-energy protons and measured systemic lymphocyte
genotoxicity four weeks after exposure. Groups of uninoculated RM and CM mice were also
irradiated to determine the effect of microflora composition alone. In these latter groups, we
observed a significantly higher frequency of phosphorylated y-H2AX foci in the circulating
lymphocytes of irradiated RM mice compared with irradiated CM mice (p<0.0001, Figure 3-2).
Lymphocyte genotoxicity was not significantly different between irradiated mice and
unirradiated mice under CM conditions, however, under RM conditions, irradiation resulted in a

significant increase in y-H2AX phosphorylation (Figure 3-2).
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150 7 Figure 3-2. Double-stranded DNA breaks in

* %k *k

! ! B cv blood lymphocytes of 456-inoculated mice
_T_ 3 v and irradiated mice. Male CM and RM mice
100 I (at age >6 months; n=5 in each group) were

gavaged with 456 before, and at two days
post exposure to a sublethal dose of high-LET
and -energy protons. n=5 for irradiated mice,
n=3 for 456-inoculated mice, and n= 4 for

509

Gamma-H2A X foci/ 100 cells

n.d. untreated mice. IR=Irradiation, LBJ= 456-
°r o inoculated, n.d.=not determined, ****
LB - + + - -t indicates p<0.0001. Adapted from figure
IR + o+ - - + o+ - - credited to Irene Maier.

We used 16S rRNA sequencing to compare the fecal bacterial compositions of mice
under different irradiation, 456 inoculation, and microflora conditions and found several
differentially abundant taxa (Table 1). For example, an unclassified Gram-negative species
cTPY-13 and L. johnsonii were more abundant in RM mice while an unclassified Ureaplasma
species was more abundant in CM mice. These taxa generally changed in abundance after whole
body irradiation or 456-inoculation, however it is unclear whether the differential abundances are

due to irradiation, 456-inoculation, microflora, or an interaction of these factors.

Table 1. Small intestinal bacteria differentially abundant between irradiation,
microflora, and inoculation conditions (% of reads)

ANOVA
Nearest Cultured Relative (accession) (% identity) CM-IR CM-L-IR CM-L CM RM-IR RM-L-IR RM-L RM p-value

Gram-negative bacterium cTPY-13 (AY239461) (94%) 25.2 1.8 1.0 79 172 32.2 187 49.6 0.006

Porph d bacterium S9 HS-8 (KF007168
o e ¢ ) 57 41 23 27 41 10 05 01 0017
Gram-negative bacterium cTPY-13 (AY239461) (96%) 4.9 2.0 0.7 21 120 35 0.8 3.7 0.028
Ureaplasma sp. (JN713485) (96%) 114 87 351 32 00 00 00 0.0 0.008

Lactobacillus johnsonii (CP006811) (100%6) 01 00 00 01 17 29 31 19 0470

456 increases radiation-induced genotoxicity in CM mice but has no effect in RM mice
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In RM mice, 456 inoculation did not significantly alleviate the increase in y-H2AX
phosphorylation 4 weeks after irradiation (Figure 3-2). Under CM conditions, mice receiving
both 456 inoculation and irradiation unexpectedly sustained significantly higher lymphocyte -
H2AX phosphorylation than mice receiving irradiation alone (Figure 3-2), suggesting that 456

may promote genotoxicity in these mice under conditions of ionizing radiation exposure.

Discussion

The gut microbiota is known to mediate as well as modulate some of the biological
effects of ionizing radiation. Shifts in the gut microbiota in response to radiation have previously
been described in human radiotherapy patients (33) as well as in mice (34). Moreover, the
composition of the gut microbiota prior to irradiation may predispose certain radiotherapy
patients to developing diarrhea (24) and thus has been investigated in this capacity as a
prognostic (35). With regard to the genotoxic effects of ionizing radiation, a previous study in
our lab demonstrated different levels of genotoxicity in irradiated mice raised in different
microflora conditions (25). Consistent with this study, we find an increased susceptibility to
proton radiation-induced genotoxicity in wild-type mice raised in RM compared with CM. That
RM can promote radiation-induced genotoxicity stands in contrast to the previously observed
association between RM and reduced basal genotoxicity (22). It is possible that protection
against or promotion of genotoxicity by the microbial community represented by RM may be

context-dependent.

This context dependency may also extend to probiotic manipulations of the gut
microbiota. We find that while 456 can reduce systemic genotoxicity in CM mice, it may also

exacerbate systemic DNA damage from proton radiation, a common type of radiation employed
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in radiotherapy. Further investigation is needed to determine whether 456, and possibly L.
johnsonii in general, may pose a cancer risk under conditions of irradiation exposure. The
manipulation of the gut microbiota has been considered as a potential adjuvant in cancer
treatment, as gut microbes and probiotic administration have already been demonstrated to
influence the effectiveness of cancer immunotherapy (36, 37). Evidence also exists that they may
reduce side effects of radiation exposure in mice and radiotherapy patients (38). Our findings in

456 suggest that caution may be warranted in the selection of probiotic adjuvants.
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Chapter 4

Genome sequencing and comparative analysis of Lactobacillus johnsonii 456
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Abstract

The gut commensal bacterium Lactobacillus johnsonii has been studied for its probiotic
properties. Recent investigations have shown that host and bacterial genetic factors may
influence L. johnsonii colonization, and, consequently, its effectiveness as a probiotic. We thus
performed a genome comparison of 9 sequenced L. johnsonii strains from various hosts.
Comparison of core genomic regions revealed that isolates from the same or similar hosts shared
the highest similarity, with some exceptions. Non-core regions among the isolates contain many
genes involved in propagation of, or defense against, mobile genetic elements, and the presence
of lactocepin proteases was specific to the isolates from specific hosts, suggesting that phage
selective pressure and metabolic/immunomodulatory capabilities may contribute to differences

in the successful colonization of different L. johnsonii isolates.

Introduction

Lactobacillus johnsonii is a Gram-positive gut commensal bacterium commonly found in
many vertebrate hosts, including humans. It has been studied for its potential probiotic
properties, including the inhibition of intestinal pathogens and their associated diseases (1517,

39) as well as anti-inflammatory or immunomodulatory interaction with host tissues (19, 40).

We previously isolated L. johnsonii strain 456 from a DNA repair-deficient mouse model
that showed lower systemic genotoxicity and cancer risk when raised in restricted in a restricted
microflora (22). Long-term inoculation of strain 456 into this mouse model under conventional
housing conditions reduced systemic genotoxicity and inflammation, suggesting a potential

application for this strain as an anti-inflammatory and oncoprotective probiotic in humans.
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The effectiveness of L. johnsonii probiotics may depend on their compatibility with the
recipient host, as suggested by recent work on the genetic basis of L. johnsonii-host mutualism.
For instance, analysis of conserved gene markers and isolate genomes have revealed genetic
distinctions among the L. johnsonii strains that inhabit humans, pigs, poultry, and mice (10, 41)
as well as the influence of host genetics on L. johnsonii abundances in the gut (11). Several
bacterial genes have also been identified that may mediate host attachment and strain-specific
differences in the gut persistence of L. johnsonii isolates (42—44). To better understand the
compatibility of strain 456 in the context of these genetic factors, we sequenced its genome and
performed a genome-wide and gene-specific comparison with 8 other sequenced L. johnsonii

isolates.

Methods

Sequencing and genome assembly of L. johnsonii strain 456

L. johnsonii 456 was cultured anaerobically in Lactobacillus Selection Broth (BD,
Franklin Lakes, New Jersey, USA) at 37 °C for 2 days. Paired-end sequencing was performed on
an Illumina HiSeq. Reads were assembled using Mira 4.0.2 (45) and manually finished in Gap5
(46). Contigs longer than 500 bases were scaffolded against the genome of L. johnsonii strain
NCC533 using scaffold_builder (47). Open reading frames (ORFs) were annotated based on the
genome of NCC 533 using the Rapid Annotation Transfer Tool (48). ORFs were also predicted

using Genemark.hmm (49) and Glimmer 3.02 (50) and manually revised using Artemis (51).

Comparative genome analysis of L. johnsonii strains

| compared the genome of strain 456 with 8 other L. johnsonii genomes available from

NCBI on April 10, 2016. I first calculated the core genomic regions shared by all 9 L.johnsonii
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strains, as described in Tomida et al. (52). Briefly, Nucmer was used to identify homologous
regions between the genome of NCC 533 and each of the other 8 genomes. The set of core
genomic regions was determined to be the regions homologous to NCC 533 that were present in
the genomes of the 8 other strains. Single nucleotide polymorphisms (SNPs) were identified
within core regions using Nucmer and were used to construct a phylogenetic tree in MEGA 5
using the Neighbor-Joining method on p-distances (53). Bootstrapping was performed using 500

replicates.

Non-core genomic regions among the L. johnsonii genomes were also identified as
described in Tomida et al. (52). Briefly, a pan-genome across all 9 L. johnsonii strains was
constructed by first using Nucmer to comparing the NCC 533 genome with one of the 8 other
genomes. Regions with no NCC 533 homologs were concatenated to the NCC 533 genome
sequence. This concatenated sequence was then iteratively compared using the same method to
each of the remaining genomes to construct the pan-genome. Finally, the pan-genome was
compared to each of the 9 genomes individually to identify non-core regions that were absent in

at least one of the genomes.

Lactocepins were identified in the genomes by first creating a database of all proteins in
the NCBI RefSeq protein database containing the keyword “lactocepin”. tblastn was used to
identify homologous regions within the 9 L. johnsonii genomes. The translated amino acid

sequences of genes containing these regions were aligned using MUSCLE (54).

Results

Sequencing and assembly of the L. johnsonii 456 genome
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Assembly of 211,866 reads sequenced from L. johnsonii 456 genomic DNA resulted in a
1.58 Mb draft genome. The assembly consisted of 1,007 scaffolds and contigs, with an estimated
coverage of 20x (N50: 2,421 nt). Reference-based and de novo gene prediction identified 1,818

genes and 28 tRNAs.

Analysis of core regions in 11 L. johnsonii genomes

We determined the genetic relatedness between 456 and 8 other sequenced L. johnsonii
strains within the larger diversity of L. johnsonii characterized by Buhnik-Rosenblau et al (10).
In this study, 46 L. johnsonii isolates from diverse hosts were genotyped at three conserved loci.
We incorporated the corresponding homologous regions from each of the 9 L. johnsonii genomes
into this analysis (Figure 4-1A) and found, consistent with the previous study, that the 9
sequenced isolates clustered with the other genotyped isolates based on host of origin. However,
we noted some exceptions, such as the human isolates ATCC 33200 and NCC 1741, which
respectively grouped among isolates from poultry and isolates from bovine and porcine hosts.
456, isolated from mice, also grouped separately from the other mouse isolates. Two genomes,
770 _LJOH and 987_LJOH, were classified as belonging to L. johnsonii but formed a separate

clade that was the most distantly related to all other L. johnsonii strains.
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Figure 4-1. Genetic comparison of L.
johnsonii strains. (A) Comparison of 39 of
46 L. johnsonii isolates genotyped by
Buhnik-Rosenblau et al. (10) with 9 L.
johnsonii genomes and 2 putative L. gasseri
genomes. Sequences of each isolate at three
conserved loci were concatenated and a
multiple alignment was used to construct a
UPGMA phylogenetic tree. (B)
Phylogenetic tree of 9 sequenced L.
johnsonii isolates based on 77,102 core
SNPs. In both trees, scale indicates
proportion of shared SNPs, and bootstrap
values are based on 500 replicates.
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We confirmed the phylogenetic relationships among L. johnsonii isolates at the genome
level. Based on nucleotide similarity at 159,108 sites within the core genomic regions of the 9
strains (Figure 4-1B), DPC6026, a pig isolate, was most similar to another pig isolate, pfO1,
while a mouse isolate, strain 16, was most similar to a rat isolate, strain N6.2, consistent with the
above analysis of the conserved loci. However, the human isolate ATCC 33200 was most similar
to the poultry isolate FI19785 while strain 456 clustered separately from the other rodent isolates.
As before, the genomes of 770 _LJOH and 987 _LJOH formed a clade distantly related to the
other L. johnsonii strains. However, the genomes of four Lactobacillus gasseri strains also
clustered within this clade when we included them in the analysis (Figure 4-2), warranting a

possible reclassification of 770_LJOH and 987_LJOH as L. gasseri strains.

1o Figure 4-2. 770 _LJOH and
NCCN;; 987_LJOH may be strains of L.
56 gasseri. Phylogenetic tree of 9
100 Wi sequenced L. johnsonii isolates,

DPC6026 2 suspected L. gasseri isolates,

100 pfo1 and 4 L. gasseri isolates
_|:ATCC33200 (indicated by “LG”) based on
100 FI9785 152,754 core SNPs. Scale
100[— 987_LJOH indicates proportion of shared
LG_130918 SNPs, and bootstrap values are

LG_PSS7772D

LG_SV-16A-US
100 -

100] 770_LJOH

100 LG_ATCC3332

based on 500 replicates.

Analysis of non-core regions in 11 L. johnsonii genomes

We next determined whether the L. johnsonii genomes may encode specific adaptations

to conditions within different hosts. We determined the non-core genomic regions among the

33



sequenced isolates by comparing each genome to a pan-genome constructed from the unique
regions across all 9 L. johnsonii genomes (Figure 4-3). The presence and absence of non-core
regions were similar among isolates from similar hosts, however, several genome regions shared
among all or most strains were not found in 456, setting it apart from the other isolates. Most of
these missing regions corresponded to homologous regions in the NCC 533 genome that mapped
to assembly gaps within 456, suggesting that they may be unsequenced areas of the 456 genome

rather than true relative deletions in 456.

ﬂ_lﬂrlﬁnh \‘” 1|'!m1h

i

Figure 4-3. Non-core genomic regions of 9 L. johnsonii strains. Map indicates the presence
(green) or absence (black) of 746 genomic regions >500 nt in each of the strains.
Dendrograms are based on average linkage hierarchical clustering of Euclidean distances.

Each isolate genome contained between 1 — 30 non-core regions (cumulative length of
57,721 — 172,746 bp) that were not detected in the other genomes. These strain-specific non-core
regions accounted for an average of 5% of the length of each sequenced genome. This is
consistent with a previous study based on hybridization experiments (55). While many of the
genes in these regions have unknown function, phage and mobile element proteins as well as
restriction modification enzymes frequently occurred in the unique regions of the different
strains (Table 4-1). 456 notably contained various cell-wall associated proteins, including 5
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ORFs annotated as mucus-binding proteins, which may impart specific host attachment

properties.

Table 4-1. Mobile element, phage defense, and mucus-binding proteins
in the non-core regions specific to each strain.

Shown are the number of homologs of each category detected for each
strain.

DPC6026
F19785
pfol

Total strains with
Protein function

16
456
ATCC33200

[N

cl repressor 1

conjugal transfer protein TraG 1

head protein 2

head-tail adaptor protein 1

holin 1

integrase 2 3

lysin

phage head morphogenesis protein

PN o
-

phage head protein

phage protein 1

phage related protein 1

phage replication protein 1

phage tail protein 1 1

phage tail tape measure protein 1

portal protein 1

terminase 1 1

toxin Bro 1

toxin YoeB 1

toxin-antitoxin system antitoxin subunit 1

transposase 2 9 3 15 | 11

abortive infection protein 1 1

abortive infection protein AbiGlI 1

endonuclease 5

restriction endonuclease 2 1 1

restriction endonuclease subunit R 1

restriction endonuclease subunit S 1

type | restriction endonuclease subunit S 1

type | restriction-modification protein subunit M 1

type | restriction-modification system subunit M 1

type | restriction-modification system, subunit S 2

type Il restriction endonuclease subunit M 1 1

type Il restriction enzyme Stsl 1

type 111 restriction endonuclease StyL T 1

N RGN GGG R R G D R I P P P CR P P R N PR P S N R O P P P

type 111 restriction endonuclease subunit M 1
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type 111 restriction endonuclease subunit R 1 1
mucus binding protein 2 1
mucus binding protein precursor Mub 1 1
mucus-binding protein 6 1
Mucus-binding protein Mub 1 1

Putative lactocepins encoded by L. johnsonii

Lactic acid bacteria express a diversity of soluble and cell-envelope proteases
(lactocepins) involved in the catabolic processing of proteins for uptake (56). Some lactocepins
have been found to degrade inflammatory chemokines (57) and may thus explain the anti-
inflammatory effects of certain lactobacilli, including L. johnsonii (19, 58, 59). To investigate
whether different strains carry different lactocepins and thus have different anti-inflammatory
potential, we analyzed the lactocepin sequences encoded in the 9 L. johnsonii genomes. We
found 3 types of putative lactocepins (Table 4-2). The first type was found in strains from
humans (NCC 533), rodents (16, N6.2, 456), and an unclear host (W1), and represents a distant
homolog of lactocepins found in Streptococcus gallolyticus (28-37% identity). The second type
was found only within strains NCC 533, 456, and 16, and represents a subtilisin-like S8
peptidase. Finally, the third type corresponds to a distant homolog of a lactocepin in
Lactobacillus acetotolerans, and was found only in W1. No homologs were found in the
genomes of pig or poultry isolates despite the completeness of the DPC 6026 and FI9785

genomes.
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Table 4-2. L. johnsonii lactocepins

Length
Protein ID Isolate (aa) Homology Similarity
T285_RS04970 N6.2 2,103
456_LJ_RS04945 456 2,728 Streptococcus gallolyticus S
LJ16 RS06075 16 2,760 lactocepins 28 — 37% identity
LJ_RS04945 NCC 533 4,734
AYJ53 RS06045 W1 4,995
456_LJ RS09445 456 2,242
LJ_RS09445 NCC 533 2,209 subtilisin-like S8 peptidase 23 — 63% identity
AYJ53 RS04080 w1 2,273

Lactobacillus acetotolerans 45% identity to peptidase
AYJ53 RS02405 W1 682 lactocepin domain, 26% |der_1t|ty to SLAP
domain

Discussion

The genetic differences between L. johnsonii strains from different organisms are
currently thought to reflect an adaptive co-evolution of this gut commensal bacterium with
different hosts (10, 41). Consistent with these studies, we find that the core regions of 9 currently
available L. johnsonii genomes showed highest nucleotide similarity between isolates from the
same or similar hosts. However, we also observe that some isolates are genetically distant from
others from the same host, based on comparison of conserved loci and core genomic regions.
Some of these discrepancies may be explained by the possibly transient transmission of L.
johnsonii between interacting hosts, such as from prey consumed by predators, which has been
suggested to explain the close genetic similarity between isolates from mice and from a few of
their natural predators (10). This explanation may also account for the close similarities between
bovine, porcine, and poultry livestock isolates with the human-isolated strains ATCC 33200 and

NCC 1741.

Another explanation is that strains from these host-specific genetic groups may be

capable of colonizing other hosts. In our study, we observe that strain 456 is genetically distant
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from the other L. johnsonii mouse isolates, despite having been isolated from mice raised in
restricted flora. As mice housed under these conditions are maintained on sterilized food and
bedding and are handled using stringent aseptic techniques, 456 is likely a stable gut commensal
in these mice rather than a transient environmental contaminant. Limited studies of L. johnsonii
colonization in non-native hosts have also demonstrated that the human isolate NCC 533 can
persist for longer durations in the mouse gut than another human isolate, ATCC 33200 (43),
which we have shown is more genetically similar to poultry isolates. However, further studies

are needed to more clearly define the host range of L. johnsonii strains.

The differential gut persistence of L. johnsonii strains may be mediated by several genetic
adaptations. Genes involved in host attachment (42, 44) have already been identified as possible
factors for stable colonization. Here, our analysis of strain-specific non-core regions identified
genes involved in the propagation of or defense against phages and mobile elements, raising the
possibility that the phages native to different hosts may be a another selective pressure that
affects the persistence of certain L. johnsonii isolates. We also found lactocepins within the
genomes of human and rodent L. johnsonii isolates but not in two complete pig and poultry
isolate genomes. Further investigation is needed to confirm the general absence of these
proteases in poultry and pig isolates as well as the potential metabolic or immunological
consequences. The presence of these lactocepin homologs in 456, along with the enrichment of
genes encoding cell-surface, mucus-binding proteins within its strain-specific regions, may
explain the persistence of this strain in the mouse gut, despite its lack of similarity to other

mouse isolates.
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Chapter 5

The diversity and host interactions of Propionibacterium acnes bacteriophages on human skin
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The viral population, including bacteriophages, is an important component of the human microbiota,
yet is poorly understood. We aim to determine whether bacteriophages modulate the composition of
the bacterial populations, thus potentially playing a role in health or disease. We investigated the
diversity and host interactions of the bacteriophages of Propionibacterium acnes, a major human
skin commensal implicated in acne pathogenesis. By sequencing 48 P. acnes phages isolated from
acne patients and healthy individuals and by analyzing the P. acnes phage populations in healthy skin
metagenomes, we revealed that P. acnes phage populations in the skin microbial community are
often dominated by one strain. We also found phage strains shared among both related and unrelated
individuals, suggesting that a pool of common phages exists in the human population and that
transmission of phages may occur between individuals. To better understand the bacterium-phage
interactions in the skin microbiota, we determined the outcomes of 74 genetically defined
Propionibacterium strains challenged by 15 sequenced phages. Depending on the Propionibacterium
lineage, phage infection can result in lysis, pseudolysogeny, or resistance. In type Il P. acnes strains,
we found that encoding matching clustered regularly interspaced short palindromic repeat spacers is
insufficient to confer phage resistance. Overall, our findings suggest that the prey-predator
relationship between bacteria and phages may have a role in modulating the composition of the
microbiota. Our study also suggests that the microbiome structure of an individual may be an
important factor in the design of phage-based therapy.

The ISME Journal advance online publication, 7 April 2015; doi:10.1038/ismej.2015.47

Introduction Waterbury and Valois, 1993; Rohwer, 2003;
Rodriguez-Valera et al., 2009). Although the skin
bacterial community has been studied by several
groups (Gao et al., 2007; Costello et al., 2009; Grice
et al, 2009; Kong et al, 2012; The Human
Microbiome Project Consortium, 2012; Blaser et al.,
2013; Fitz-Gibbon et al., 2013; Nakatsuji et al., 2013),
relatively few studies have characterized the skin
viral community (Foulongne et al., 2012; Ma et al.,
2014; Wylie et al., 2014). In particular, the composition
and dynamics of bacteriophages and their interac-
tions with bacterial hosts on the skin are not well
understood.

The microbial community in the skin pilosebac-

The human skin is inhabited by hundreds of
microbial species, including bacteria, fungi and
viruses. The homeostasis of this ecosystem is
important to its function as a barrier against infection
and colonization of pathogens on the skin surface.
Bacteriophages are important components of the
human microbiota. They are a reservoir of diversity-
generating elements (Rohwer and Thurber, 2009)
and regulate both the abundance and diversity of
their bacterial hosts by predation (Suttle et al., 1990;
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eous unit is dominated by Propionibacterium acnes,
which accounts for nearly 90% of the microbiota
(Fitz-Gibbon et al., 2013). Although P. acnes is a
major skin commensal, it has been considered a
pathogenic factor for acne vulgaris (Leyden, 2001;
Bojar and Holland, 2004), one of the most common
skin diseases affecting over 80% of adolescents
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and young adults (White, 1998; Bergler-Czop and
Brzeziriska-Wcisto, 2013). Our previous 16S ribosomal
RNA metagenomic study demonstrated that P. acnes
strain population structure in pilosebaceous units
differs significantly between acne patients and
healthy individuals (Fitz-Gibbon et al., 2013).
Certain strains are highly associated with the disease
(Lombholt and Kilian, 2010; McDowell et al., 2012;
Fitz-Gibbon et al., 2013; Tomida et al., 2013), while
some strains are enriched in healthy skin (Fitz-
Gibbon et al., 2013).

In parallel, P. acnes phages are dominant bacter-
iophages in the pilosebaceous unit (Fitz-Gibbon
et al., 2013). It has been known for over 50 years
that P. acnes phages exist on the human skin (Brzin,
1964). They have the morphology of siphoviruses,
consisting of a ~50nm icosahedral head and a
~150nm flexible tail (Farrar et al., 2007). Zierdt
et al., (1968) isolated phage 174 from spontaneous
plaques of a P. acnes isolate. Phage 174 was able to
lyse nearly all P. acnes strains tested in the study.
Subsequently, more P. acnes phages were isolated,
which exhibited lytic as well as pseudolysogenic
behavior (Lood and Collin, 2011). However, in the
past decades, the study of P. acnes phages had been
limited to the development of phage typing systems
to distinguish different serotypes of P. acnes
(Jong et al., 1975; Webster and Cummins, 1978).
Recent sequencing of 14 P. acnes phages (Farrar
et al., 2007; Lood and Collin, 2011; Marinelli et al.,
2012) suggested that they have limited genetic
diversity with over 85% nucleotide identity in the
genome. All sequenced genomes are similar in size
and structure with 45-47 genes encoded in two
oppositely transcribed regions named the left arm
and right arm (Farrar et al., 2007; Lood and Collin,
2011; Marinelli et al., 2012).

Much is to be learned about whether bacterio-
phages drive the diversity and dynamics of the skin
bacterial community. The ratio between P. acnes
phages and P. acnes was ~1:20 in pilosebaceous
units, based on a pooled healthy skin sample that we
analyzed previously (Fitz-Gibbon et al., 2013), but
can vary in a large range among individuals and over
time. P. acnes phages do not encode integrases in
their genomes (Farrar ef al., 2007; Lood and Collin,
2011), suggesting their inability to stably integrate
into the host chromosome. They can kill the host
bacteria through cell lysis or can enter a pseudolyso-
genic state in the host strain (Lood and Collin, 2011),
in which the phage DNA persists in infected cells
without lysing the host or integrating into its
genome. Whether P. acnes phages modulate the
relative abundances of different P. acnes strains by
selectively killing specific strains of P. acnes and
thus play a role in skin health and disease is
unknown.

On the other hand, bacterial hosts can influence
phage populations through antiviral mechanisms,
such as the restriction modification mechanism and
the bacterial adaptive immune system utilizing
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clustered regularly interspaced short palindromic
repeat (CRISPR) sequence arrays (Horvath and
Barrangou, 2010). In our effort to characterize the
strain diversity of P. acnes in the pilosebaceous unit,
we discovered that all sequenced type II P. acnes
strains harbor Type I[-E CRISPR and CRISPR-
associated (Cas) proteins (Fitz-Gibbon et al., 2013;
Tomida et al.,, 2013). Marinelli et al. (2012)
suggested that the CRISPR mechanism explains the
resistance of certain P. acnes strains to phage
infection, yet noting that some of their observations
were inconsistent with this theory.

To better understand how bacteriophages modulate
the bacterial composition of the skin microbiota and
their potential roles in skin health and disease, in
this study, we determined the diversity of P. acnes
phages and their interactions with bacterial hosts in
the skin of acne patients and healthy individuals. We
sequenced the genomes of 48 P. acnes phages
isolated from 37 individuals and investigated
whether certain phage strains dominate the skin
microbiota. By analyzing the skin metagenome data
from the Human Microbiome Project (HMP), we
further verified our conclusions from analyzing
sequenced phage isolates. We also challenged a
panel of 74 genetically defined Propionibacterium
strains against 15 of the sequenced phages to
determine the outcome and mechanisms of their
interactions.

Materials and methods

Phage isolation and DNA extraction

Skin follicle samples were previously collected from
the nose of acne patients and individuals with
healthy skin as reported in the study by Fitz-
Gibbon et al., (2013). To best represent the diversity
of populations and history of medical care, the
subjects were recruited from private practice, man-
aged care and public hospital settings, as well as
outside of dermatology clinics in Southern California.
Written informed consent was provided by all study
subjects.

The follicle contents collected on the surface of the
nose strip were mashed using a sterile loop (Fish-
erbrand, Pittsburgh, PA, USA), and plated onto a
blood agar plate (Teknova Brucella Agar Plate with
Hemin and Vitamin K, Teknova, Hollister, CA, USA).
The sample plates were incubated at 37°C for
5-7 days anaerobically using the AnaeroPack System
(Mitsubishi Gas Chemical Company, Tokyo, Japan)
(Fitz-Gibbon et al., 2013).

Phage plaques observed on the culture plates were
isolated by puncturing the agar with a sterile pipette
tip and resuspending each tip in 50l SM buffer
(0.1M sodium chloride, 8 mm magnesium sulfate
heptahydrate, 1M Tris-HCL, pH 7.5, 2% gelatin and
1mwm calcium chloride). Each phage resuspension
was spread onto A-media plates (12 gl~" pancreatic
digest of casein, 12gl™' yeast extract, 22.2mm



D-glucose, 29.4 mMmg 1~ potassium phosphate mono-
basic, 8 mM magnesium sulfate heptahydrate and 20
gl-" agar) with top agar containing P. acnes strain
ATCC6919. After incubation at 37°C for 2 days,
single plaques were selected and propagated using
the same host strain, medium and incubation
conditions. Suspensions of each phage isolate were
prepared by eluting plates with 8 ml SM buffer at
room temperature, filtering with a 0.22-pm PES filter
(Millipore, Billerica, MA, USA) to remove bacterial
cells, and storing at 4 °C. Phage titers were deter-
mined by plaque assay.

Phage DNA extraction was performed using the
Lambda Mini Kit (Qiagen, Valencia, CA, USA) with
the following modifications. Phage particles were
precipitated in Buffer L2 by centrifugation at 20 000 g
at 4°C for 1h. Extracted DNA was precipitated
overnight at — 20 °C before centrifugation.

Phage electron microscopy

Copper grids (400 mesh formvar per carbon film)
(Ted Pella, Redding, CA, USA) were glow discharged.
Phage cultures were applied, followed by a wash with
0.22-um-filtered water. The samples were stained
with 1% uranyl acetate and examined under a JEOL
JEM-1200EX electron microscope (JEOL, Peabody,
MA, USA) with an accelerating voltage of 80 kV.

Phage genome sequencing, assembly and annotation
Phage genomes were sequenced in multiplex using
the Roche GS FLX Titanium (Roche, Branford, CT,
USA) or the Illumina MiSeq (Illumina, San Diego,
CA, USA) platform. Sequence reads were initially
assembled using MIRA 3.2.1 (Chevreux et al., 1999),
and the resulting contigs were manually finished in
Consed 23.0 (Gordon et al., 1998). Some phage
genomes required additional PCRs and amplicon
sequencing to fill the gaps between contigs. Fully
assembled phage genomes were annotated using
Genemark.hmm (Lukashin and Borodovsky, 1998)
and Glimmer v3.02 (Delcher et al., 1999) with
manual corrections. All phage genome sequences
have been deposited in GenBank under BioProject
PRJNA173665 with accession numbers JX570702-
JX570714, KJ578758-KJ578792.

Genome analysis and phylogenetic tree construction

Sequences present in all 62 phage genomes were
defined as core regions of the phage genome. To
identify these core regions, we first generated
alignments between the PA6 genome and each of
the other 61 phage genomes using Nucmer (Kurtz
et al., 2004). This yielded 61 sets of starting and
ending coordinates describing intervals within the
PA6 genome that align with a given phage genome.
We then calculated the core regions for all phages by
determining the overlapping intervals between all of
the 61 coordinate sets. The core region sequences
were concatenated for the subsequent multiple
sequence alignments. Single nucleotide polymorphisms
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(SNPs) in the core regions were identified by using
the ‘show-snps’ option of Nucmer with the default
setting. In addition, the set of non-synonymous SNPs
was obtained by masking the third codon positions
in the coding regions. Using MEGAS5 (Tamura et al.,
2011), phylogenetic trees were constructed by the
Neighbor Joining method from p-distances based on
all SNP sites in the core regions or only the non-
synonymous SNPs. Bootstrapping was performed on
1000 replicates.

Analysis of nucleotide polymorphism within single
phage strains

The genetic variation within a phage strain was
measured by the number of SNPs found in the
sequencing data from a clonal phage population. The
SNPs were identified as sites in a strain’s genome
assembly that were covered by > 30 reads with Phred
quality score >30 and with >10% of these reads
differing from the consensus sequence.

Analysis of metagenomic shotgun sequencing data of

the skin microbiota

Phage diversity was analyzed in the metagenomic
shotgun sequencing data from 27 retroauricular
crease samples collected in the HMP (The Human
Microbiome Project Consortium, 2012). The SRA
accessions of these samples are SRS013261,
SRS024598, SRS013258, SRS024596, SRS019016,
SRS019015, SRS019033, SRS019063, SRS019064,
SRS019081, SRS024655, SRS024620, SRS020263,
SRS020261, SRS017851, SRS017849, SRS057083,
SRS024482, SRS045606, SRS058221, SRS018978,
SRS058182, SRS016944, SRS046688, SRS015381,
SRS052988 and SRS019116. Access to the phenotype
data for this study (phs000228.v3.p1) was obtained
from dbGaP. MIRA (Chevreux et al., 1999) was used
to identify phage reads in each data set by mapping
against the P. acnes phage PA6 genome. Parameters
similar to the default were used: > 20 nt overlap and
>60% identity. To estimate the number of P. acnes
phage strains in each data set, we first performed
a de novo assembly using the extracted phage reads
from the metagenomic data. We then aligned all the
phage reads to the resulting contigs to identify SNPs
in the core genome regions. The assemblies and
alignments were manually inspected using Consed
(Gordon et al., 1998). The same criteria used for
nucleotide polymorphism identification in single
phage strains were applied as described above.

Analysis of phage genes under diversification
Multiple sequence alignments of Group VI and
Group VII phages and their related phages
(PHL0O37M02 and PHL073MO02) were generated
using MAFFT (Katoh et al., 2002). The positions of
all mismatches and gaps were recorded. Sites
of discrepancy were plotted in Artemis (Rutherford
et al., 2000).
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Propionibacterium culture

P. acnes, P. humerusii, P. granulosum and P. avidum
strains were cultured under anaerobic conditions in
Clostridial Reinforced medium (Oxoid, Thermo
Fisher Scientific, Waltham, MA, USA) at 37 °C for
4-6 days. Propionibacterium cultures were used to
prepare top agar overlays for phage culture on
A-media plates.

Phage resistance test

The resistance/susceptibility of Propionibacterium
strains against phages was determined using
a modified cross-streak assay. Fifteen of the 48
newly sequenced phages were randomly chosen for
the analysis. Two sets of phages that each belongs to
the same group, PHL0O10M04 and PHL066MO04 in
Group VII and PHL115M02, PHL085N00, and
PHL085M01 in Group VI, were included. The
bacterial strains were streaked across in A-media
plates, along with ATCC6919 on the same plate as
a control. Approximately 5 pl of 10° PFUml~" phage
suspension was spotted onto each bacterial streak.
The plates were incubated at 37 °C anaerobically for
2 days. At least five replicates of each cross-streak
experiment were performed to determine whether
the strains were susceptible or resistant.

For the strains that showed resistance in the
modified cross-streak experiment, we further
quantitatively determined the resistance by assaying
the efficiency of plaquing of the phages relative to
P. acnes strain ATCC6919, calculated as the following:

1
Efficiency of plaquing
Titer of phage strain X on ATCC6919

Resistance =

" Titer of phage strain X on bacterial strain ¥’

We considered a 100-fold or greater increase in
efficiency of plaquing to be evidence of resistance.

The plaques on cross-streak plates were visually
inspected by one person and scored for turbidity
based on the re-growth of the bacteria after plaque
formation using the following scale: 0 =clear, 1 =little
to no re-growth, 2=mild re-growth, 3=moderate
re-growth and 4=heavy re-growth. The average
plaque turbidity score of all the strains from the same
P. acnes clade was calculated for each of the tested
phages and was compared among different clades.

Pseudolysogeny characterization

PCR was performed on phage suspensions using the
primers annealing to the ends of the phage genomes
(Forward 5-CCGAAGCCGACCACATCACACC-3/,
Reverse 5-TCATCCAACACCTGCTGCTGCC-3') to
determine whether phage genomes are circularized.
The PCR was run under the following conditions:
initial denaturation at 94 °C for 5 min, 35 cycles of
denaturation at 94 °C for 45 s, annealing at 53 °C for
35s and extension at 72°C for 1min, with a final
extension at 72 °C for 10 min.
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P. acnes ATCC6919 cultures, which were re-grown
after lytic infection with specific phages, were tested
for superinfection immunity by passaging sequentially
two to four times without further phage infection.
Phage resistance was assayed using the same cross-
streak method described above. The presence of
phage DNA in re-grown cultures was determined by
PCR using the primers targeting the phage gpi11
gene (Forward 5-GGCTGGAACACGTAAAGCG-3/,
Reverse 5-CACGATCGATCAACTCAACC-3'). The
PCR was run under the following conditions: initial
denaturation at 94°C for 5min, 35 cycles of
denaturation at 95 °C for 45 s, annealing at 58 °C for
35s and extension 72°C for 1min, with a final
extension at 72 °C for 10 min.

CRISPR analysis

CRISPR spacer sequences were previously identified
in P. acnes genomes (Fitz-Gibbon et al., 2013; Tomida
et al., 2013). The spacer sequences were aligned
against all phage genomes using BLASTn. Protospa-
cers with up to two mismatches were identified.

Results

Phage isolation and genome features

In an effort to determine the diversity of the skin
microbiota, we previously collected 203 skin samples
from 179 individuals, including 94 samples from
acne patients and 109 samples from healthy individuals
with clear skin (Li, 2010; Fitz-Gibbon et al., 2013).
Twenty-four individuals were sampled twice over a
4-6 month period. When we cultured the skin
samples for bacteria, we observed phage plaques in
49 of these samples: 14 from acne patients and
35 from healthy individuals. P. acnes phages were
found more frequently in samples from healthy
individuals than from acne patients. Our rate of
phage detection (24% of investigated samples) is
similar to those previously reported, ranging from 26
to 30% (Marples et al., 1973; Puhvel and Amirian,
1979). The phages that we isolated have the
morphology of siphoviruses as previously described
(Farrar et al., 2007). A representative electron
micrograph is shown in Supplementary Figure S1.
Among the phage isolates obtained from these
samples, we selected 21 phages from acne patients
and 27 from healthy individuals for whole genome
sequencing using 454 or MiSeq platforms
(Supplementary Table S1). In some samples, multiple
phage plaques were isolated and selected for
sequencing. All phage genomes were assembled,
completed and annotated (Supplementary Figure
S2). A representative phage genome is shown in
Figure 1.

The P. acnes phage genomes are highly similar to
each other (Supplementary Figure S2). The 48 phage
genomes have comparable sizes (29.0-29.8 Kb) and
GC contents (53.7-54.5%) (Supplementary Table



S1). The sequence identity between any pair of
genomes ranges from 85.2 to 100%. On average 45
open reading frames were predicted in each genome.
Consistent with previous reports (Farrar et al., 2007;
Lood and Collin, 2011; Marinelli et al., 2012), these
open reading frames were arranged compactly
within the left and right arm regions of the genome
(Figure 1, Supplementary Figure S2). Our analysis of
the 48 new phage genomes supports the annotation
of the gp22/gp23 locus as a single open reading
frame (495 to 522bp) on the minus strand
(Supplementary Figure S2). This is different from
previous annotations based on a small number of
genomes (Farrar et al., 2007; Lood and Collin, 2011).

Phylogenetic relationships among the phage genomes
To determine the genome diversity of P. acnes
phages, we compared 62 sequenced phage genomes,
including our 48 phage genomes and 14 previously
published genomes (Farrar et al., 2007; Lood and
Collin, 2011; Marinelli et al., 2012). Similar to their
bacterial host, P. acnes phages have limited genomic
diversity. All 62 phages are highly similar in genome
sequence. The core regions, which are shared by all
sequenced genomes, consist of 22 348 bp (76% of the
average genome length) and contain 7232 SNPs. The
average distance among the phages was 0.257
(substitution rate at the SNP sites). A phylogenetic
tree constructed based on these SNPs (Figure 2), or
only the non-synonymous SNPs (Supplementary
Figure S3), shows that no particular phylogenetic
clades were found among the phages.

Despite the lack of phylogenetic lineages among
the P. acnes phage genomes, we observed several
groups (I-IX), each of which consists of nearly
identical phages (Figure 2). The phages within each
group (I-IX) differ by no greater than 14 bp within
the entire 29 kb genome (Supplementary Table S2).
As a comparison, the average pairwise difference
among all 62 phages is 3176 bp. To determine
whether the nearly identical phages within each
group represent clones of the same phage strain, we
estimated the frequency of genetic polymorphism in
each of our phage isolates. We mapped all available
sequence reads of each phage to its assembled
consensus genome, including the sequence reads
not used in the genome assembly process. We
identified the nucleotide positions with a minor
allele frequency >10% and covered by at least 30
reads with Phred quality >30. We found that each
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phage genome contains 0-11 polymorphic sites
(Supplementary Table S1). The number of poly-
morphisms in each assembled genome did not
increase beyond 11 sites despite the large numbers
of sequencing reads obtained (up to 9120 x genome
coverage). From this analysis, we conclude that the
background level of genetic polymorphism within a
clonal P. acnes phage isolate is ~ 11 bp. Thus, phage
isolates with a similar or smaller number of nucleotide
differences throughout the entire genome can be
considered as belonging to the same phage strain.
Since the phages within each group (I-IX) differ by at
most 14 bp (Supplementary Table S2), they likely
represent clones of the same phage strain.

Diversity of P. acnes phages in the human skin

The relationships among the phages within each
group (I-IX) provide insights on the diversity of
P. acnes phages in the skin microbiota. We observed
three types of relationships among the highly similar
phages within the groups (Figure 2 and
Supplementary Table S2). First, phages within the
same group were isolated from the same sample of
the same individual. These include PHL067MO01,
PHL067M09 and PHL067M10 in Group I; PHL082MO00,
PHL082MO02, PHL082MO03 and PHL082M04 in Group IJ;
PHL064M01 and PHL064MO02 in Group V and
PHL116M00 and PHL116M10 in Group IX. Only one
other pair of phages, PHL117M00 and PHL117MO01,
which were isolated from the same sample, was not
the same strain. Our data suggest that while an
individual microbiota can harbor multiple strains of
phages, it is likely more common that one strain of P.
acnes phage dominates the phage population. Sec-
ond, phages within the same group were isolated
from different samples of the same individuals over a
period of 14 to 21 weeks. These include PHL085M01
and PHL085NO00 in Group VI, PHL114L00 and
PHL114N00 in Group VII and PHL151MO00 and
PHL151N00 in Group VII. All paired phages from
our longitudinal samples were nearly identical to
each other. This suggests that the same phage strain
can persist in an individual skin microbiota. Third,
some phages within the same group were isolated
from different individuals, such as the phages in
Groups I1I, IV, V, VI and VIII. Of the 43 unique phage
strains represented by all 62 isolates sequenced to
date, 5 strains from our study currently show
evidence of inhabiting more than one individual.
This suggests that a pool of common P. acnes phage
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Figure 1 A representative genome of the newly sequenced P. acnes phages. The annotated genome of PHLOO9M11 is shown as a
representative of the 48 newly sequenced P. acnes phage genomes. On average 45 open reading frames are encoded in each phage genome.
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Figure 2 P. acnes phages are highly similar to each other with no significant phylogenetic lineages observed. A phylogenetic tree of the
62 currently sequenced phage genomes was constructed based on the 7232 SNPs in the core regions. No significant lineages were
observed. Nine groups of nearly identical phages are indicated, highlighting that the phages within each group belong to the same strain.
Branches with bootstrap values <80 (based on 1000 resamplings) were collapsed.

strains exists in the human population. Interestingly,
among the five shared strains, two inhabited related
individuals. In Group IV, the two nearly identical
phages, PHL150M00 and PHL308MO00, were isolated
from two brothers. Two of the four phages in Group
VIII, PHLO10MO04 and PHL0O66MO04, and their closely
related phage strain PHL0O73MO02 were isolated from
three siblings (Figure 2 and Supplementary Table
S2). This suggests that transmissions of skin bacter-
iophages, either directly or via the transmission of
phage-carrying bacterial hosts, are likely to occur
between related individuals.

P. acnes phage populations in the skin microbiome

To validate that our above findings on the phage
diversity in the human skin microbiota were not
biased due to isolated phages, we analyzed the skin
metagenomic shotgun sequencing data collected
from healthy individuals in the HMP (The Human
Microbiome Project Consortium, 2012). Although
P. acnes phages were previously found in metagenomic
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sequencing data, their diversity was not analyzed.
This is the first time that the population diversity of
P. acnes phages in the skin microbiome is character-
ized. Among the available 27 HMP skin samples,
9 were collected from the left retroauricular crease
and 18 were collected from the right retroauricular
crease (Supplementary Table S3). Some samples
were collected from the same individuals. We first
extracted the P. acnes phage reads from each sample.
The number of phage reads was from 24-612512
(0—2060 x coverage on PA6 genome, Supplementary
Table S3), independent of the sequencing depth of
each sample, suggesting that the relative abundance
of P. acnes phages in the skin microbiota can vary in
a large range among individuals.

To determine P. acnes phage populations in
individual skin microbiota, we next assembled
P. acnes phage genomes in each metagenomic data
set. Seven samples (25.9% of total samples) had a
modest to high sequencing coverage of P. acnes
phages (17 x—-2060x) (Supplementary Table S3),
which allowed metagenomic assembly. We



performed the SNP analysis on the assembled phage
genomes using the same criteria as in the analysis of
complete phage genomes described above. To eval-
uate the effect of sequencing depth on the detection
rate of SNPs, for samples with >30x phage cover-
age, we repeated the phage genome assembly and
SNP analysis using only portions of phage reads at
various coverages (20x, 100 x, 250 x, 500 x, 1000 x
and 1500x), as applicable. One of the samples,
HMP20, had >1000 SNPs in the core regions of the
assembled phage genome, which leveled off to 1353
sites when all the sequence reads (538 x ) were used
in the assembly (Figure 3, Supplementary Table S4).
This suggests that the P. acnes phage pool in HMP20
was adequately sampled and that it likely consists of
two dominant phage strains based on phage genome
comparison (Supplementary Materials).

On the other hand, three other samples, HMP04,
HMP09 and HMP15, each had six or fewer SNPs in
the core genome regions, despite having substantially
higher sequencing coverages than HMP20. This
suggests that these samples each harbor only one
dominant P. acnes phage strain. This result supports
our earlier conclusion that an individual skin
microbiota is often dominated by one P. acnes phage
strain. We were able to assemble high-quality draft
genomes of P. acnes phages from these three
metagenomic data sets, which cover 96.4-96.7% of
the core genome regions. They are typical of the
P. acnes phage strains, with high similarities to the 62
sequenced genomes. A phylogenetic tree including
these three new genomes with the 62 isolated phage
genomes is shown in Supplementary Figure S4.
Samples HMP04 and HMP09 were collected from the
left and right retroauricular crease of the same
individual, and the phage genomes assembled from
these two samples are highly similar, potentially
originating from the same strain.

The assembled phage genomes in the remaining
three samples, HMP03, HMP08 and HMP24, contained
<20 SNPs, which are in the range of the SNPs found
in a single phage strain. Due to their lower phage
coverages, it is yet inconclusive whether single or
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Figure 3 P. acnes phage population in the skin microbiota is often
dominated by a single strain. The numbers of SNPs identified in
the core regions of P. acnes phage genomes are shown at different
sequencing coverages. The phage genomes were assembled from
the HMP metagenomic shotgun sequencing data.
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multiple dominant phage strains were present in these
communities.

Our analysis of the phage diversity from the HMP
metagenomic data showed that among the skin
communities that had detectable P. acnes phages,
three harbored only one dominant strain while one
harbored two different strains. These findings are
consistent with our conclusions based on the
isolated phages from our study cohort.

Phage genes under diversification

Phylogenetically related strains can reflect phage
diversification under selection. Two phages,
PHL037MO02 and PHL073MO02, are highly related to
the members of Groups VI and VIII, respectively
(Figure 2). However, they contain many more
nucleotide variations than 11bp, and thus are
considered separate strains based on our criterion.
Nonetheless, their high degree of similarity to the
members of these groups may reflect recent selective
pressures driving phage diversification. We identified
160 sites of nucleotide variations between
PHL037MO02 and the Group VI members, 50 of which
are non-synonymous. All but one of these genetic
differences is located in a region encoding Gp16,
Gp17 and Gp18, as annotated in the genome of phage
PAG6 (Supplementary Figure S5A). The exact functions
of these genes are unknown, but their location near
the 3’ end of the left arm between structural protein
genes and lysis protein genes suggests that they
could encode late-acting proteins. Based on the
McDonald—Kreitman test (Egea et al., 2008), gene
gp17 is under selection (P=0.011).

We identified 81 sites of nucleotide variations
between PHL0O73M02 and the Group VIII members.
The sequence differences lie primarily within the
region encoding an endolysin and a putative type II
holin (Gp20 and Gp21, Supplementary Figure S5B).
These lytic cycle proteins permeabilize the cell
membrane and degrade the extracellular peptidoglycan

layer to release new phage particles from
the bacterial host. As previously mentioned,
PHLO73M02 and two Group VII members,

PHL0O10M04 and PHL066M04, were isolated from
three siblings living in the same household. Thus,
they likely originated from the same ancestral phage
strain. This suggests that the endolysin and holin
genes, which are essential for phage multiplication,
are under rapid evolution. Consistent with this
finding, in all sequenced phages, we found frequent
amino acid variations in these two gene products.
This suggests that mechanisms determining host
bacterium lysis specificity and kinetics may be under
selection in these phages. The sequence variation
sites in these two genes among the phages may be
potential targets for phage engineering to manipulate
their lytic activities against bacterial hosts.

The two highly similar phage genomes assembled
from the HMP samples, HMP04 and HMP09, which
were collected from the same individual, differed by
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222 nucleotides. Most of these variations are centered
at the 5’ end of the right arm of the genome, which
encodes putative regulatory or DNA-binding proteins
of largely unknown functions.

Range and specificity of Propionibacteria—phage
interactions

To determine whether P. acnes phages modulate the
relative abundances of different P. acnes strains in the
skin microbiota by selective killing, we characterized
the host range and specificity of P. acnes phages. We
tested 15 of the 48 sequenced phages against a panel
of 74 Propionibacterium strains, including 67 P. acnes
strains, 3 P. humerusii strains, 1 P. granulosum strain
and 3 P. avidum strains. Except for the P. acnes
strains KPA171202, ATCC11828, HL201PA1 and
HL202PA1, all of these Propionibacterium strains
were isolated from the same cohort of subjects
sampled for phages. The genomes of all 67 P. acnes
strains and 3 P. humerusii strains have been
sequenced (Fitz-Gibbon et al., 2013; Tomida et al.,
2013). Our bacterial collection included all major
lineages of P. acnes found on the human skin, with
multiple strains representing each of the major clades,
IA-1, IA-2, IB-1, IB-2, IB-3 and II, as well as one type
I strain. We constructed a phylogenetic tree of the
67 P. acnes strains based on the SNPs in their core
genomic regions (Figure 4a) (Tomida et al., 2013).
Using a modified cross-streak method, we determined
the resistance/susceptibility of each of the 74 bacterial
strains against the 15 phages. In total, 1110 bacter-
ium—phage interactions were measured. Each experi-
ment was repeated a minimum of five times. For the
bacterial strains that showed resistance to phages, we
determined the fold increase in resistance by measuring
efficiency of plaquing (EOP) relative to the P. acnes
strain ATCC6919, which is known to be susceptible
to all tested phages.

We found that the outcome of the bacterium—
phage interactions is P. acnes lineage dependent. All
type I P. acnes strains (clades IA-1, IA-2, IB-1 and
IB-2) except clade IB-3 were susceptible to all tested
phages (Figure 4a). Among them, the phages often
formed turbid plaques on P. acnes strains of clade
IA-1, but clear plaques on strains of clades IB-1 and
IB-2, as summarized in Figure 5. This suggests that
these phages engage in two different states depending
on the host strains: a pseudolysogenic response in
clade IA-1 strains, and a lytic cycle in clade IB-1 and
IB-2 strains.

Certain P. acnes strains of clades IB-3, IT and III are
highly resistant to multiple phages. Two strains of
clade IB-3 (KPA171202 and HL030PA1) were highly
resistant to most of the tested phages with a >100-
fold increase in resistance. The genomes of clade
IB-3 show that these strains encode components of a
restriction modification system (genes PPA1611 and
PPA1612 in KPA171202). This may explain their
resistance to phages. Among the nine type II strains,
two strains, HLO01PA1 and HL042PA3, were highly
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resistant to some of the phages. This is consistent
with previous observations that strains of this type
were more frequently resistant to phages (Webster
and Cummins, 1978). The resistance to phages
observed in type II strains could be partially
attributed to the CRISPR mechanism encoded in
their genomes, which is addressed below. The only
type III strain tested, HL201PA1, was resistant to all
15 phages. Since type III strains are not commonly
found on the skin of the face, it is possible that these
P. acnes phages isolated from the face have not yet
evolved a mechanism to infect type III strains.

To determine whether P. acnes phages modulate
the abundance and diversity of other species in
addition to P. acnes in the skin microbiota, we
investigated the host range of P. acnes phages in
related species. Strains of other human skin-
associated Propionibacteria, including 3 strains of
P. humerusii, 1 strain of P. granulosum and 3 strains
of P. avidum, were tested against the 15 phages
(Figure 4b). P. humerusii is a newly defined species
(Butler-Wu et al,, 2011). In our previous study,
P. humerusii was one of the major species found on
the skin with a relative abundance of 1.9% in the
pilosebaceous unit based on 16S ribosomal RNA
analysis (Fitz-Gibbon et al., 2013). It is closely
related to P. acnes with >98% identity in the 16S
ribosomal RNA gene sequence. P. granulosum and
P. avidum are common skin commensals (Cummins,
1976; Ordogh and Hunyadkiirti, 2013). While all
tested P. granulosum and P. avidum strains showed
strong resistance to all the phages, two P. humerusii
strains, HL037PA2 and HL037PA3, were susceptible
to all the phages tested. The third P. humerusii
strain, HL044PA1, was susceptible to 10 of the 15
phages tested. Our results show that the host range of
P. acnes phages is not limited to P. acnes but also
includes a closely related Propionibacterium species,
suggesting that P. acnes phages may also be able to
modulate P. humerusii populations in the skin
microbiota.

P. acnes phages can adopt a pseudolysogenic state
depending on the host P. acnes strains

It has been suggested that P. acnes phages may enter
pseudolysogeny as an alternative to the lytic cycle
(Farrar et al., 2007; Lood and Collin, 2011). As
described above, we discovered that P. acnes phages
often adopt a pseudolysogenic state in clade IA-1
strains, but rarely in clade IB-1 and IB-2 strains,
suggesting that their pseudolysogeny is dependent
on the host P. acnes strains (Figure 5). In support of
the existence of pseudolysogeny in P. acnes phages
and consistent with the result by Marinelli et al.,
(2012), our genome sequencing data revealed
the ends of the phage genomes to be flanked by 11-
nucleotide single-stranded overhangs. Previous
reports suggested that these overhangs may be
involved in the circularization of the phage genomes
(Farrar et al., 2007; Lood and Collin, 2011). To test
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Figure 4 Host range and specificity of P. acnes phages. Resistance/susceptibility of Propionibacterium strains (in rows) against 15 of the
48 sequenced phages (in columns) is shown. (a) Phage infection outcomes of 67 P. acnes strains. All P. acnes strains in clades IA-1, IA-2,
IB-1 and IB-2 were susceptible to the tested phages, while phage resistance was found in strains of clades IB-3, I and III, colored in pink.
The dendrogram to the left shows the phylogenetic clades of P. acnes strains (Fitz-Gibbon et al., 2013). Only topology is shown. (b) Phage
infection outcomes of three P. humerusii strains, one P. granulosum strain and three P. avidum strains show that P. acnes phages could
infect and lyse P. humerusii strains, while P. granulosum and P. avidum were resistant to all tested phages.
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Figure 5 The frequency of phage pseudolysogeny varies among different P. acnes strains. The turbidity of the phage plaques formed on
P. acnes culture plates was examined. Data from 60 P. acnes strains challenged by 13 phages were recorded and summarized. The 60
P. acnes strains belong to five clades: IA-1 (n=16), IA-2 (n=14), IB-1 (n=6), IB-2 (n=17) and II (n=7). The average turbidity score of the
bacterial strains in each clade challenged by each phage (in colors) is shown. Independent of the phages tested, the plaque turbidity score
varied among different P. acnes strains: it is high in clade IA-1 and low in clades IB-1 and IB-2. This suggests that the phages tend to enter a

pseudolysogenic state in clade IA-1 strains and a lytic cycle in clades IB-1 and IB-2 strains.

this hypothesis, we designed PCR primers annealing
to the ends of the phage genomes. A PCR product
spanning the two ends with the predicted size
(~735bp) and sequence was amplified from all the
phages tested, suggesting that the phage DNA can
exist in a circular form mediated by the overhangs at
the ends (Supplementary Figure S6A).

To demonstrate the pseudolysogenic properties of
P. acnes phages, we infected P. acnes strain
ATCC6919, a clade IA-1 strain (Liu et al., 2014),
with five different phages (PHL060L00, PHL112NO0O,
PHL037M02, PHL073M02 and PHL114L00). Follow-
ing the formation of plaques by each phage, re-
growth of the bacteria was observed starting in the
center of the plaque regions. The re-grown bacteria
showed no evident lysis when challenged by 13
phages that previously could lyse this P. acnes
strain, including the phages of the initial exposure
(Supplementary Figure S6B). This suggests that the
bacterial host gained superinfection immunity after
infection by these phages.

To further determine whether the phage DNA
exists as an episome in the bacterial host after
infection, we tested the presence of phage DNA in
four distinct colonies of the re-grown ATCC6919
culture that was initially infected with PHLO60L00
and subsequently passaged. Two of the four colonies
produced an expected 437 bp amplicon in a PCR
targeting the gp11 gene (Supplementary Figure S6C),
supporting the presence of phage in a subpopulation of
the re-grown P. acnes as an episome. In addition, we
sequenced the genomic DNA extracted from two
ATCC6919 cultures, each of which was passaged
from a re-grown culture after phage infection. In both
cases, the phage reads obtained from whole genome
sequencing were assembled into complete genomes
that are separate from host P. acnes contigs,
supporting earlier evidence that P. acnes phage
DNA does not integrate into the host genome
(Farrar et al., 2007; Lood and Collin, 2011), but
exists as an extrachromosomal element.

In summary, all above results suggest that P. acnes
phages can adopt a pseudolysogenic state in clade
IA-1 strains.
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Resistance to bacteriophages does not correlate with the
presence of matching CRISPR spacers in type IIP. acnes
strains

Since certain type II P. acnes strains are resistant to
phages, we next investigated whether the CRISPR/
Cas mechanism could explain the resistance of the
type II strains against phages. Among the 67 P. acnes
strains, 9 belong to type II and encode CRISPR/Cas
elements. Each of the type II strains has two to nine
33-bp spacers in their CRISPR arrays (Tomida et al.,
2013). In total, they encode 44 spacers, 28 of which
are unique. We identified 42 unique protospacers in
the 15 tested phage genomes that match any of the 28
unique spacer sequences in the 9 type II P. acnes
strains. Because the CRISPR/Cas system has been
shown to tolerate a limited number of mutations in
protospacer targets (Semenova et al., 2011; Manica
et al., 2013), in our analysis we allowed up to two
mismatches for a sequence to be considered a
recognizable protospacer. Similar results were
obtained when only perfectly matching protospacers
were considered. We found that all identified
protospacers are located primarily on the left arm
of the phage genomes, which is more conserved than
the right arm (Supplementary Figure S7). In addition,
the locations of the protospacers are generally
conserved among all phage genomes that harbor
the same protospacer sequences. These suggest that
the CRISPR/Cas system tends to target the more
conserved regions of the phage genomes.

In contrast to a prior report (Marinelli et al., 2012),
we found that the resistance/susceptibility of the nine
type II P. acnes strains against phages did not
correlate with the presence/absence of at least one
phage-matching CRISPR spacer (r=0.234, Figure 6).
There were multiple observations that even though
the strain encodes a matching CRISPR spacer, it was
susceptible to the corresponding phage. To determine
whether more than one matching spacer is needed to
confer phage resistance, we analyzed the correlation
between the resistance/susceptibility and the number
of matching spacers encoded in the CRISPR array. No
strong correlation (r=0.26) was found, suggesting that
encoding multiple matching spacers does not



necessarily protect the strain from phage infection. In
addition, no presence of particular spacer sequences
can explain the resistance/susceptibility to phages.
When we allowed no mismatches or up to five
mismatches for a sequence to be considered a
recognizable protospacer, the correlations were not
much improved. This suggests that having matching
CRISPR spacers is insufficient for these strains to be
resistant to phages and that other regulation mechan-
isms are likely to be involved.

Phages can escape the CRISPR/Cas mechanism
through mutations at sites involved in protospacer
recognition. The short nucleotide motif adjacent to
the protospacer, known as the protospacer-adjacent
motif (PAM), is highly conserved among targets of
CRISPR/Cas systems (Mojica et al., 2009). Mutations
in these nucleotides have been found to disrupt
CRISPR-mediated resistance despite complete identity
in the protospacer sequence (Semenova et al., 2011,
2009; Westra et al., 2012).

To determine whether the lack of correlation
between bacterial resistance and the presence of
matching spacer sequences is due to mutations in the
PAM sequence, we examined the PAM regions of the
137 protospacers identified in the phages from this
study and from the study by Marinelli et al., (2012).
The protospacers can be separated into two groups
depending on the outcomes of the bacterium—phage
interaction—resistant or susceptible to the phages
(Figure 7). Fifty-three protospacers belong to the first
group, where the bacterial hosts with matching spacer
sequences were resistant to the phages. The other 84
protospacers belong to the second group, where lysis of
the bacterial hosts occurred despite the presence of a
matching spacer. Among the first group of protospa-
cers, we observed a conserved ‘AA’ motif immediately
upstream of the protospacer sequence (Figure 7a). The
AA motif is also conserved in the PAM sequences of
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the 84 protospacers from the second group where the
bacterial hosts were susceptible to the phages, except
in 3 cases, where an A-to-G mutation occurred. These
three mutated positions were found in phages
PHLO60L00 and PHL112N00, which are targeted by
spacers encoded in P. acnes strain HL042PA3, and in
phage PHL113MO00, which is targeted by a spacer
encoded in strain HL110PA3 (Figure 7b). However,
these mutations in the PAM sequence cannot explain
the lack of resistance against these phages, as all three
phages contain one to three additional protospacers
that are recognizable by the spacers encoded in the
corresponding bacterial strains. All of these additional
protospacers have intact PAMs. Our findings are
corroborated by the previous observation of unex-
plained susceptibility to P. acnes phage despite the
presence of matching spacers (Marinelli et al., 2012). In
summary, our data demonstrate that encoding CRISPR
spacers that match against the genome of an invading
P. acnes phage is often insufficient for an effective
defense in P. acnes and that other regulation
mechanisms are likely to be involved.

Discussion

The skin microbial community has an essential role
in defending against the invasion and colonization of
pathogens. Although the bacterial and fungal com-
positions of human skin have been characterized at
multiple sites in healthy individuals (The Human
Microbiome Project Consortium, 2012; Gao et al.,
2007; Paulino et al., 2008; Grice et al., 2009; Gao
et al., 2010; Ursell et al., 2012; Blaser et al., 2013;
Findley et al., 2013; Fitz-Gibbon et al., 2013;
Nakatsuji et al., 2013), we have limited under-
standing of the skin virome (Foulongne et al., 2012;
Ma et al., 2014). Whether bacteriophages have a role
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Figure 6 Phage resistance is not correlated with the presence of matching CRISPR spacers in type II P. acnes strains. The pattern of
resistance/susceptibility of the 9 type I P. acnes strains against 15 phages did not correlate with the presence/absence of matching CRISPR
spacers, that is, the pink cells do not perfectly overlap with the cells containing red or orange pixels. P. acnes type II strains are shown in
rows and the phages are shown in columns. Pink cells indicate that the bacterial strains are resistant to the corresponding phages. The
colored pixels in each cell represent the CRISPR spacers encoded in each P. acnes strain. Each red pixel indicates that this spacer has an
exact protospacer match in the corresponding phage. Each orange pixel indicates that this spacer has a partially matched protospacer (with
one to two mismatches) in the corresponding phage. Gray pixels indicate no matched protospacers found in the corresponding phage.
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in skin health and disease by modulating the
diversity and dynamics of the bacterial community
on the skin is poorly understood.

The lack of knowledge of the skin virome is partly
due to the limited microbial biomass of skin samples,
which poses challenges in determining the composition
and diversity of skin viruses. As methods are being
developed in recent years for high-throughput
sequencing from a limited amount of DNA
(Duhaime and Sullivan, 2012; Duhaime et al., 2012;
Solonenko et al., 2013) and for capturing metage-
nomic viral sequences in metagenomic sequencing
data (DeLong et al., 2006; Mizuno et al., 2013), it is
becoming feasible to study lowly abundant viral
communities directly from metagenomic samples
without enriching the viral portion. In this study,
using genome sequencing and metagenomic analysis
of the skin microbiome, we characterized a large
number of P. acnes bacteriophages and their genome
diversity in the skin of healthy individuals and acne
patients. This effort significantly increased our
knowledge about this viral population and allowed
us to investigate its population diversity in the
human skin microbiota.

Unlike phages of other species (Nolan ef al., 2006;
Dorscht et al., 2009; Sepilveda-Robles et al., 2012),
P. acnes phages show a high genetic similarity. The
phages may have evolved recently under limited

The ISME Journal

51

selection, as no clear lineages can be found among
the phages studied, suggesting that these phages may
be relatively new to their hosts (Marinelli et al.,
2012). Alternatively, the high similarity among the
phages may be attributed to the low genetic diversity
of their host strains, as P. acnes has limited genome
expansion among different lineages (Tomida et al.,
2013).

By comparing the phages isolated from different
individuals (Figure 2), we found that in individuals
harboring P. acnes phages, the skin community is
often dominated by one P. acnes phage strain. Our
metagenomic data analysis of the skin samples from
the HMP cohort confirmed this finding (Figure 3),
despite the differences between the two analyses in
methodology, study cohorts and skin sites that were
sampled. We also observed the same phages in the
skin microbiota when the individuals were sampled
14-21 weeks later (Supplementary Table S2). Our
findings are consistent with the intra-individual
temporal stability found in the human oral and gut
viromes (Pride et al., 2012; Minot et al., 2013).
Further studies at multiple time points are needed to
determine the dynamics of P. acnes phage populations
in the skin microbiota. In addition, we found that
while many individuals harbor unique phage strains
(Figure 2), some individuals share the same phage
strains in the skin microbiota, suggesting that a pool



of common phages exists among the human popula-
tion. Lastly, we isolated identical phage strains from
siblings (Supplementary Table S2), suggesting pos-
sible transmission of skin viruses between related
individuals.

Pseudolysogeny occurs abundantly in natural envir-
onments and is an important part of bacteria—phage
interactions (Ripp and Miller, 1997). It has been
suggested to influence phage survival (Ripp and
Miller, 1997), phage-dependent bacterial mortality
(Ripp and Miller, 1998) and the virulence of certain
bacterial strains (Sakaguchi et al., 2005). Although it
has been observed that P. acnes phages can adopt
pseudolysogeny (Lood and Collin, 2011), for the first
time we revealed that this behavior is largely
dependent on the lineages of the host strains and is
not a property of the phages. All tested
P. acnes phages more frequently become pseudolyso-
genic when the host P. acnes strains are from clade
IA-1, compared with other lineages (Figure 5). We
further determined several pseudolysogenic character-
istics of P. acnes phage infection (Supplementary
Figure S6). These include the ability of the phage
genome to exist as a circular episome in the host cells,
superinfection immunity of the host bacteria gained
from prior phage infection and phage DNA persistence
in a subpopulation of the host cells following
infection. While the term ‘pseudolysogeny’ is used
here and in the previous studies (Lood and Collin,
2011; Marinelli et al., 2012) to describe this behavior
of P. acnes phages, further mechanistic definitions are
needed to determine whether this infection state
represents phages undergoing extrachromosomal lyso-
geny, inefficient lysis or other potential mechanisms.

We found that although P. acnes phages can lyse
P. acnes strains from most lineages, certain strains
from clades IB-3, II and III are resistant (Figure 4a).
This bacterial lineage-dependent resistance to
phages suggests that antiviral mechanisms may have
a role in defining the P. acnes strain populations in
the presence of phages. Based on the genomes of
Propionibacterium strains, we identified two anti-
viral mechanisms that may explain phage resistance
in different P. acnes lineages, restriction modifica-
tion and CRISPRs. Both of these systems act against
phage DNA that has successfully entered the host. It
is possible that these P. acnes lineages employ
additional mechanisms that act at other stages of
infection, such as receptor binding or DNA injection,
which are commonly responsible for phage resis-
tance in mycobacteria (Jacobs-Sera et al., 2012).

We observed that phage DNA recognition by P.
acnes CRISPRs often did not protect the tested
bacterial strains from phage lysis (Figure 6). This
result contrasts with a previous study reporting a
correlation between matching spacers and phage
resistance (Marinelli et al., 2012). While this earlier
study similarly reported 1 unexplained lytic outcome
out of 20 tested interactions, where 2 matched spacers
failed to confer phage resistance, in our study we
observed a much higher proportion of lytic outcomes,
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27 out of 37 non-redundant interactions. The contrast-
ing conclusions from the two studies may be attributed
to the differences in the bacterial host strains and
phage strains tested. To demonstrate the robustness of
our results, we included redundant bacterial host
strains and phage strains in our experiments. Both RT2
and RT6 strains, which belong to two different lineages
of P. acnes that encode CRISPR/Cas systems, and
several members of the same phage strains were tested
in the analysis and yielded consistent results.

Several possible reasons may explain the low
correlation between spacer matching and phage
resistance. The CRISPR/Cas system in P. acnes may
be used for purposes other than defense against
foreign DNA, as suggested for the Type I-E CRISPR/
Cas system of Escherichia coli (Touchon and Rocha,
2010; Touchon et al., 2011). Alternatively, other
molecular regulations employed by bacterial host or
phage may be important for CRISPR-mediated
resistance and may contribute to the infection out-
come. Such regulation mechanisms potentially
include transcriptional and/or translational regulation
of CRISPR RNA and Cas genes and anti-CRISPR
genes encoded by phages (Bondy-Denomy et al.,
2013; Pawluk et al.,, 2014). Interactions between
P. acnes and phages may also depend on additional
mechanisms involved in phage binding, entry,
replication or release.

To our knowledge, this study is the first large-scale
investigation of bacterium—phage interaction in the
human skin microbiota using both genetically
defined bacterial strains and phage strains. Our
study suggests that the prey—predator relationship
between P. acnes and its phages may have a role in
modulating the composition of the skin microbiota.
The finding that the infection outcome of P. acnes
phages varies depending on P. acnes lineages
suggests that the presence of phages may alter the
P. acnes population structure by targeting particular
subsets of strains. Based on evidence of different
propensities among P. acnes lineages to be lysed, to
resist or to sustain a pseudolysogenic infection, it is
plausible that in the presence of phages various P.
acnes strains may populate at different rates in the
community. On the other hand, the Propionibacterium
strain composition may determine the abundance and
dynamics of the phages in the community. Phage
bursts may occur in specific skin community structures.
Future studies utilizing recently developed techni-
ques, such as microfluidic digital PCR (Tadmor et al.,
2011), phageFISH (Allers et al., 2013) and viral
tagging (Deng et al., 2012), will provide further
insight on the diversity and dynamics of the phage
populations in the human microbiome and the prey—
predator relationship between the bacterial hosts and
phages.

P. acnes phages may hold therapeutic potential for
modifying the skin microbiota based on the individual
bacterial community structure to restore a healthy
microbial composition. We previously demonstrated
that P. acnes strain population structure differed
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significantly between acne patients and healthy
individuals (Fitz-Gibbon et al., 2013). Certain strains
were highly associated with the disease, while some
strains were highly associated with healthy skin. The
interactions between genetically defined P. acnes
strains and phages that we characterized in this
study may be able to guide the selection of phage
strains to inhibit specific P. acnes population types
associated with acne or other skin diseases. For
example, phage therapy may not be effective if the
host microbiota contains phage-resistant pathogenic
strains. Potential phage-based therapy should
consider the microbiome structure of the individual
to be effective and personalized. The host strain
specificity of P. acnes phages may prove advanta-
geous for the selective suppression of pathogenic
P. acnes strains and preservation of commensal or
beneficial strains in the skin microbial community.
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Abstract

Bacteriophages that infect Propionibacterium acnes may play a role in regulating the
population composition of this dominant skin commensal bacterium, which has been implicated
in acne vulgaris and many other diseases. While previous studies have characterized the diversity
and host range of isolated phages, the dynamics and structure of P. acnes phage populations
remain to be fully characterized. In this study, metagenomic and culture-based analyses of phage
populations in healthy individuals and acne patients reveal that while phages are generally
prevalent at varying abundance across subjects, phage populations are highly personal, and
limited genetic change occurs in phage strains over time. The skin metagenomes of two related
individuals revealed more genetically similar phage populations than those of unrelated
individuals as well as a potential transmission of a phage between these subjects. These results
shed light on the inter-individual and temporal characteristics of P. acnes phage populations,

which may influence the effectiveness of phage therapy.

Introduction

Propionibacterium acnes is a dominant commensal skin bacterium that is implicated in
many postoperative infections as well as inflammatory diseases (60), such as the common skin
disease acne vulgaris. Previous studies have identified P. acnes strains associated with healthy or
acne-affected skin (61), as well as putative virulence factors in acne-associated strains that may
confer pathogenic properties (52, 62). However, the factors that influence the proportions of
health-associated, acne-associated, and commensal strains of P. acnes in an individual’s skin

microbiota are still largely unknown.

Bacteriophages of P. acnes have attracted increasing interest for their potential roles in

regulating P. acnes populations (63) and as a potential therapeutic against pathogenic P. acnes
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(64). Recent studies have laid the groundwork for understanding these roles by characterizing the
natural diversity of phages as well as their interaction with strains of P. acnes. Culture-dependent
analysis of phage diversity showed high genetic similarity among isolated phage strains (65), and
we additionally found that while most phage strains are unique to individuals, some phage strains
can also be found in different individuals (63). Phages can broadly infect many strains of P.

acnes (65), and the lytic activity of these phages depends on the lineage of P. acnes host (63).

These initial observations of phage diversity and host interaction now motivate an
investigation of the distribution and composition of phage populations, which may affect the
corresponding population structure of their P. acnes hosts. In this study, we complement our
culture-based approaches with metagenomic analyses to determine the abundance and structure

of phage populations across the human population and within individuals.

We also consider the transmission of phage strains between humans, which has intuitive
importance as a process that affects the assembly of phage populations in new hosts as well as
the ecology of established phage populations. In a previous study, we found that siblings share
the same or highly similar phage strains in pilosebaceous units (63). Here, we report
metagenomic and culture-based evidence suggesting the transmission of a phage strain between

related individuals.

Methods

Subjects

Subjects with acne or healthy skin were recruited from various clinics in Southern
California, USA, including private practice, managed care, and public hospital settings, as well

as outside of dermatology clinics, to best represent the diversity of populations and history of
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medical care. The diagnosis of acne was made by board-certified dermatologists. The presence
of acne was graded on a scale of 0 to 5 according to the Global Acne Severity Scale (66).
Grades were recorded for both the face and the nose separately, where zero represents healthy
skin and 5 represents the most severe inflammatory cystic acne. The presence of scarring was
also noted. Subjects with healthy skin were determined by board-certified dermatologists and
were defined as people who had no acneiform lesions on the face, chest, and back. They were
excluded if they had other skin conditions that the investigators felt would affect sampling or the
microbial population on the skin. Additionally, healthy subjects were excluded if they had been
previously treated for acne. The subjects responded to a written questionnaire, administered by a
physician or a well-trained study coordinator who went over each question with the subjects. All
subjects provided written informed consent. All protocols and consent forms were approved by
both the UCLA and Los Angeles Biomedical Research Institute IRBs. The study was conducted

according to the Helsinki Guidelines.

Sample collection and genomic DNA extraction

Sample collection and processing were performed as previously described in Fitz-Gibbon
etal. (61). Briefly, skin follicle samples were taken from the nose of the subjects using Bioré
Deep Cleansing Pore Strip (Kao Brands Company, Cincinnati, OH) following the manufacturer’s
instructions. Clean gloves were used for each sampling. To avoid sample cross-contamination,
strict sterile working conditions were enforced, including appropriate lab-wear and routine
sterilization of the working surfaces and equipment. After being removed from the nose, the
strip was immediately placed into a 50 ml sterile tube and kept on ice or at 4°C. Samples were
processed within 24 hours of collection. Individual follicular plugs were manually picked from

the adhesive strip with sterile forceps and placed into 2 ml sterile microcentrifuge tubes filled
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with ATL buffer (Qiagen) and glass beads (0.1 mm diameter) (BioSpec Products Inc.,
Bartlesville, OK). Cells were lysed using a beadbeater for 3 minutes at 4,800 rpm at room
temperature, then centrifuged at 14,000 rpm for 5 minutes. The supernatant was retrieved and
used for genomic DNA (gDNA) extraction using QlAamp DNA micro kit (Qiagen). The
manufacturer protocol for extracting genomic DNA from chewing gum was used. DNA
extraction Kit reagents were routinely tested for contaminants using negative control extractions.
Concentration of gDNA was determined using Qubit Fluorometric Quantitation (Invitrogen).

Concentrations from negative control experiments were below the detectable range.

Library construction and metagenomic shotgun sequencing

Genomic sequencing libraries were prepared using NexteraXT kit (Illumina). Briefly, 1
ng of extracted metagenomic DNA was tagmented using transposase technology. 5’ and 3’
NexteraXT dual-indices were added to uniquely barcode each library. Indexed libraries were
amplified using the limited 12-cycle PCR program as instructed by the manufacturer’s
guidelines. Libraries were purified with Agencourt AMPure XP magnetic beads (Beckman
Coulter). Library quality and average fragment length were assessed using Bioanalyzer (Agilent
Technologies). Libraries were quantified with KAPA library quantification kit (KAPA
Biosystems), according to the manufacturer’s instructions. Finally, libraries were randomly
pooled together and sequenced using MiSeq and/or HiSeq platforms (Illumina) with paired-end

reads of 251 bp or 101 bp, respectively. Following sequencing, reads were de-multiplexed.

Data cleaning and sequencing depth analysis

Data cleaning of the metagenomic shotgun sequences was performed following the

protocol used in the HMP (67). Briefly, low quality reads and human DNA reads were filtered

60



out first, resulting in 136 Gbp in total for 140 samples (average 0.97 Gbp per sample). The
remaining reads were mapped against reference genomes. The average number of mappable
reads per sample was 4.86x10° (1.12x10” — 4.14x10° reads), which were used in the downstream

analyses.

Phage isolation

P. acnes phages were isolated and sequenced as previously described (63). Briefly, skin
follicle samples were spread onto blood agar (Teknova Brucella Agar Plate with Hemin and
Vitamin K, Teknova, Hollister, CA, USA) and incubated at 37°C for 5 — 6 days. Material from
observed plagques was suspended in 50 L. SM buffer (0.1M sodium chloride, 8mM magnesium
sulfate heptahydrate, 1M Tris-HCI, pH 7.5, 2% gelatin and 1mM calcium chloride) and spread
onto A-media plates (12 g/L pancreatic digest of casein, 12 g/L yeast extract, 22.2mM D-
glucose, 29.4 mMg/L potassium phosphate mono-basic, 8mM magnesium sulfate heptahydrate
and 20 g/L agar) with top agar containing P. acnes strain ATCC6919. After incubation at 37 °C
for 2 days, single plaques were selected and propagated using the same host strain, medium and
incubation conditions. Suspensions of phage isolates were prepared by eluting plates with 8 mL
SM Buffer and filtering with a 0.22-um PES filter (Millipore, Billerica, MA, USA). Phage DNA
extraction was performed using Lambda Mini Kit (Qiagen, Valencia, CA, USA) with some

modifications to the original protocol (63).

Phage genome comparison

The core genomic regions among phage isolate genomes or phage population consensus
sequences were calculated as previously described (63). Briefly, Nucmer (68) was used to

determine sets of genomic regions within a reference genome (here the PA6 genome) that show
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homology to each of the other genomes. The core regions were then computed as the overlapping
regions between all sets. Single nucleotide polymorphisms (SNPs) output by Nucmer were used
to construct a phylogenetic tree in MEGA 5 using the Neighbor-Joining method on p-distances

(53). Bootstrapping was performed using 2,000 replicates.

Phage population analysis

P. acnes phage reads were obtained by using Bowtie2 (69) to map total microbial
shotgun sequencing reads for each sample to a reference ‘pan-genome’ of non-redundant phage
genomic regions. The pan-genome was constructed from 62 publically available phage genomes
as of November 5, 2015, using methods previously described (52). The phage reads for each
sample were de-novo assembled into a metagenomic phage population assembly using Mira
3.2.1 (45). Shotgun metagenomic data from Human Microbiome Project (HMP) samples
SRS017849 and SRS017851 were analyzed according to the above methods, except that the
reference genome of phage PA6 was used as the mapping reference. Access to the phenotype
information for HMP data (phs000228.v3.p1) was obtained from dbGaP. Phage relative
abundance in each sample was calculated by normalizing the total bases mappable to the phage
pan-genome by the average phage genome length of 29,434 nt previously reported in Liu et al
(63). This normalized base count was then divided by the sum of the normalized base counts for
all reference genomes in the sample that had >1% of their genome length covered by mapped

reads.

Population consensus sequences were manually finished in Consed 26.0 (70). Nucleotide

variations within the core regions shared between each consensus sequence were determined as
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previously described (63).SNPs were identified in each assembly as positions covered by > 30

reads (with Phred quality > 30) with > 10% of these reads differing from the consensus.

To identify allele variations between pairs of samples, a Perl script was used to calculate
allele frequencies at SNP sites within the ACE-formatted, metagenomic assembly of phage reads
in one sample. Next, the population consensus sequence of the sample was aligned with the
consensus of the second sample using MUSCLE (54). The allele frequencies at SNP sites of the
first sample were then compared to the allele frequencies at sites of the second sample that

aligned with the SNP sites of the first sample.

Results

Prevalence of phage populations

We investigated the inter-individual differences and intra-individual dynamics of P.
acnes phage populations by performing metagenomic shotgun sequencing of 140 samples from
103 individuals. This sample set included 31 longitudinal sample pairs collected from the same
individuals at two time points separated by 10 —-54 weeks, 24 samples collected from 20 related

individuals, and 10 samples collected from different sites of 4 individuals.

P. acnes phages were found to be prevalent, but in varying abundance, within our study
cohort. We quantified the relative abundance of phages in each sample as the number of bases
that could be mapped to a pan-genome constructed from 62 sequenced phage genomes
normalized by the average phage genome length. P. acnes phages were detected in 73 of the 140
samples (52%), with a cutoff of 1x coverage of the average phage genome length (29,434 nt, see

Methods). Phage abundances were more similar between different sites of the same individual
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compared with the nose sites sampled from different individuals (Figure 6-1), though this is

based on a limit number of samples.
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Figure 6-1. The abundance of P. acnes phages at different sites within the same
subject (chin, nose, forehead) was more similar than between the nose sites of
different individuals. Averages are of all pairwise differences in phage abundance
between samples in each group.

Diversity between and within phage populations

To compare the inter- and intra-individual genetic similarity between phage populations,
we performed de novo assembly of the phage reads in each of 33 samples that had >11x
coverage of the average phage genome length (Table 6-1). These samples were collected from a
total of 20 individuals and include samples from 5 individuals collected at two time points,
samples from two related individuals, and samples from two facial sites of one individual. These
assemblies yielded 34 nearly full-length consensus sequences of the underlying phage
populations, one from each sample except HL213M, where two distinct consensus genome
sequences were obtained. We compared the resulting 34 population consensuses by calculating

the pairwise nucleotide differences in the core regions shared among these sequences.
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Table 6-1. Assembly statistics for metagenomic samples > 11x coverage on the average
phage genome length

Sample Longitgdinal Sequencing Assembly SNPs Strains_in
pair Coverage coverage population
HLO74N 1 99.9 97.6 476 >1
HLO074M 1 36.4 33.5 553 >1
HLO73M 2 61.7 61.3 11 1
HLO73N 2 619.2 614.1 132 >1
HLO81IN 3 218.3 216.6 31 1
HLO081M 3 17.9 17.0 10 1
HL00SM 4 168 165.1 987 >1
HLOOSN 4 115.8 113.0 664 >1
HLO041M 5 173.4 165.4 6 1
HLO41N 5 173.1 171.1 0 1
HL066M 50.2 49.3 5 1
HL313M-FOREHEAD 41.3 40.8 0 1
HL313M-CHIN 39.8 37.5 0 1
HLO85N 448.5 444.0 6 1
364.9 0
HL213M 440.6 56.7 0 >1
HLOO3N 413.1 410.4 0 1
HL214M 136.8 136.3 0 1
HL088M 137.4 134.1 1 1
HLO77M 116.7 116.0 0 1
HLO69N 87.7 87.0 0 1
HLO70N 48.7 47.3 1,237 >1
HLO91N 45.3 44.8 5 1
HLOO6N 36.6 36.4 0 1
HL145N 36.3 35.8 115 >1
HL315M 36.4 28.6 101 >1
HL212M 22.5 21.2 29 1
HLO092N 21.3 20.9 0 1
HLO75N 19.3 19.1 0 1
HL102M 16.0 15.8 0 1
HLO8ON 14.9 14.8 0 1
HL089M 13.0 12.6 0 1
HLO68N 12.4 11.2 0 1
HLO79N 11.9 10.4 24 1

The genetic similarity between phage populations was highest within an individual as
well as between related individuals. Most of the 34 population consensuses are genetically
distinct from each other (Figure 6-2A) by an average of 832 core nucleotide differences (range 0
—1201). However, fewer core nucleotide differences were observed between the consensus
sequences of samples from the two related individuals (24 differences, Figure 6-2B) as well as

between the two different facial sites of one individual (no differences). Longitudinal sample
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pairs from 5 individuals also had significantly fewer core nucleotide differences (5 — 475,
average 179) than non-longitudinal sample pairs from unrelated individuals (34 — 1133, average
833, p=0.002; Figure 6-2B). This suggests that different facial sites of the same individual harbor
the same P. acnes phage populations and that the phage populations are temporally stable. The
observation that related individuals are colonized by genetically similar phage strains also
suggests potential transmissions of the phage, or the bacterial host carrying the phage, between
individuals. We verified the similarity of phage populations within an individual in an
independent cohort by analyzing the metagenomic samples from the left and right retroauricular
sites from one subject sampled by the HMP. The consensus sequences of phage populations at
these two sites were highly similar, differing by only 210 nucleotides. Together, these results
suggest that P. acnes phage populations within an individual exhibit greater genetic similarities

over temporal and spatial dimensions than phage populations between individuals.
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Figure 6-2. Phage populations are more similar within individuals than between individuals. (A)
Phylogenetic tree constructed from nucleotide differences at 3,011 core SNP sites between the
34 phage population consensus sequences. (B) Average nucleotide differences at core SNPs
within the population consensus sequences from longitudinal sample pairs from 5 individuals
compared with samples from 21 other unrelated individuals. In both analyses, a single
population consensus sequence was chosen to represent the phage population from a subject
sampled at two different sites as well as a sample from which two distinct population consensus

sequences were assembled.

We observed different degrees of genetic variation within individual phage populations.
We identified 0 — 1,237 SNP positions in the core regions of each of the 33 metagenomic phage
assemblies (Table 6-1). While some samples (4 of 33) contained more than 400 detected SNPs,

most samples (29 of 33) contained fewer than 132 detected SNPs. This suggests that most
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individuals are dominated by a single phage strain, with few individuals carrying more than one

strain, as observed in our previous culture-based study (63).

Slow genetic dynamics in phage strains over time

We investigated the short-term and long-term genetic changes of phage strains on the
skin. We compared the genome sequences from a collection of 31 phages isolated from 7
individuals at time points separated by intervals as short as 2 days to as long as 2.5 years. This
collection consists of 7 phages isolated at different time points from our previous study (63) as
well as 24 phages isolated from healthy individuals. The phages from each individual isolated
from different time points are highly similar to each other (Figure 6-3), differing by no more than
17 nucleotides. This is comparable to the ~14 nucleotides of background genetic polymorphism
previously observed within a clonal strain population (63) and suggests that a phage strain can

persist in the skin microbiota for long periods of time.
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Figure 6-3. Limited genetic change in phage strains over short and long intervals. 31 phages
isolated from 7 individuals at different time points were sequenced, and a phylogenetic tree was
constructed from a whole —genome multiple alignment. Phages isolated from each individual
form distinct clusters based on genetic similarity. The color of each phage represents the days
elapsed since the first phage from the individual was isolated. Branch length represents number
of nucleotide differences. Bootstrap values are based on 500 replicates.
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Phage similarity between related individuals

To further investigate the similarity between the phage populations in related individuals,
we used metagenomic sequencing to study the dynamics of phage populations in siblings HLO10,
HL066 and HLO73. In my previous study (63), we found that phages isolated from HL010 and
HLO066 were the same strain (represented by phages in Group VII1), as their genomes differ by
less than 10 nucleotides. The phage from HLO73 was similar to the Group VIII strain, as 81
nucleotide differences separated the genome of PHL073MO02 from the genomes of Group VIII
isolates. We collected nose follicular samples from HL066 and HLO73 and mapped
metagenomic reads from these samples to a reference pan-genome constructed from 62
sequenced phage genomes. This yielded phage reads totaling more than 50x coverage (50.2x% on
HL066 and 61x on HLO73) on the average phage genome. Phage relative abundance was 41% in
HL066 and 85% in HLO73. We also analyzed a sample collected from HLO73 during a follow-up
visit 10 weeks later by metagenomic shotgun sequencing. Phages made up 63% of the total

microbial community based on 619x coverage in phage reads recovered from this sample.

The phage population in HLO73 became more genetically similar to HL066 at the second
sampling time. Few core SNP sites were detected in the assembled phage reads from each of the
initial samples from these subjects, which we denote as HL066M (5 SNPs) and HL073M (11
SNPs, Table 6-1), suggesting that these individuals are colonized by single phage strains.
Moreover, these phage strains are genetically similar, but distinct from each other, as the
consensus sequences from these assemblies differed by 110 nucleotides (Figure 6-5). However,
the phage assembly from the follow-up sampling of HL073, denoted as HLO73N, contained a
larger number of SNPs (132) than the initial sample from this individual, and the consensus

sequence of this assembly differed by fewer nucleotides from the consensus of HLO66M (10
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differences) than from the consensus of HLO73M (104 differences) (Figure 6-4, 6-5). These
observations raise the possibility that, at the second visit, the phage population of HLO73
harbored a second phage strain that is genetically similar to the one in HLO66 potentially via the

transmission of phages or phage-infected bacteria between these siblings.
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Figure 6-4. Increased genetic similarity between the phage populations of related individuals
HLO066 and HLO73 during a later sampling of HLO73. A phylogenetic tree was generated from a
multiple alignment of population consensus sequences and isolate genomes from related
individuals HL010, HL066, and HLO73 along with the population consensus and available
isolate genomes from the four other longitudinal samples. Inset shows a magnified view of the
relatedness between the population consensuses of the later HLO73 sample and the initial HLO66
sample. Branch length represents number of nucleotide differences. Bootstrap values based on

500 replicates.
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Figure 6-5. Genome-wide nucleotide differences between population
consensus and isolate sequences from related individuals HL010, HLOG66,
and HLO73.

We further confirmed the presence of two strains in HLO73N by comparing longitudinal
allele changes in this phage population. Alignment of the population consensus sequences from
HLO73M and HLO73N revealed 104 nucleotide changes that occurred in the population between
the sampling times. 94 of these changes correspond to bi-allelic SNP sites in HLO73N where the
major allele is the base at the corresponding aligned position of the HL0O66M consensus (81%
average allele frequency), while the minor allele is the base at the corresponding aligned position
of the HLO73 consensus (17% average allele frequency). This suggests that during the 10 weeks

between the samplings the phage population of HLO73, which was initially colonized by a single
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strain as shown above, became dominated by another phage strain, one that was potentially

transmitted from siblings.

Despite the rise in abundance of a previously undetected phage strain in HL073, lowly-
abundant phage strains can still persist in the skin microbiota of this subject. PHL073M02, a
phage isolated from sample HLO73M, differs by 177 nucleotides from the HLO73M population
consensus but does not contribute to its detectable genetic variation (only 11 detected SNPs in
this sample, as described above), indicating that this phage is likely present at low abundance in
this population. We isolated four additional phages (PHL073-D0961-01, PHL073-D0961-02,
PHLO073-D0961-03, and PHL073-D0961-04) from a third follow-up sampling of HL073 2.4
years after HLO73N (and 2.6 years after HLO73M). The genomes of these four isolates are nearly
identical (1 —7 pairwise nucleotide differences; Figure 6-4) and only slightly diverged from
PHL073M02 (13 —17 nucleotide differences), suggesting that this phage strain may have

maintained a consistent presence in this subject.

Discussion

Building upon earlier studies that characterized P. acnes phage diversity and host range
(63, 65), our present study reveals several features of P. acnes phage populations within and
between individuals that may be useful for understanding its role in disease and its potential

therapeutic applications as a probiotic.

P. acnes phage populations show more intra-individual similarity than inter-individual
similarity with respect to genetic relatedness and abundance. This result is consistent with the
results of the previous chapter describing how phages isolated from related individuals or the

same individual at different times are often the same or similar strains (63). In that chapter, the
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same phage strain was also isolated from multiple unrelated individuals, whereas no two
metagenomic samples from unrelated individuals in the present study consist of the same strain.
However, as the number of samples containing adequate phage reads is limited in this study,
further investigation is needed to determine whether these inter-individually shared isolates come
from phage populations that are identical in different individuals or whether they represent
transiently shared phage strains. The longitudinal similarity and often single-strain composition
of phage populations, as well as the limited genetic variation we observed in phage strains over
time, may suggest that phage populations, established either naturally or for therapeutic
purposes, are generally stable in an individual, though further investigation is needed to

determine the factors that affect phage prevalence and persistence in the human population.

Our metagenomic sequencing data suggested that phage strains may be transmitted
between siblings. Such transfers of phage strains between individuals may explain why the same
phage strain can be isolated from multiple unrelated individuals (as noted above). Although
phage populations can be dominated by a single phage strain, the long-term persistence of one or
more low-abundance strains suggests that the dynamics of potential transmission may be
complex. From a therapeutic perspective, this observation also raises the possibility that
probiotic phages could be transmitted from a treated patient to other individuals with as yet
unknown consequences. Further investigation is needed to determine the nature of potential
exchanges of phages, which may occur through transmission of phage particles or infected
bacterial hosts, as well as whether such events eventually resolve into single-strain populations

or remain as stable multi-strain populations.
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Chapter 7

Conclusions
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The effectiveness of probiotics may be improved by a better understanding of the
microbial communities in which they function. In elucidating the ecological and biological
aspects of potential bacterial and phage probiotics, my Ph.D. studies described in the previous
chapters offer insights on the potential therapeutic use of L. johnsonii and bacteriophages of P.
acnes. These findings merit further investigation in the context of these microbes and in the
larger context of other probiotics.

Divergent modulation of systemic genotoxicity by L. johnsonii and the gut microbiota:
treatment context may matter

In support of a study investigating the influence of the gut microflora on systemic
genotoxicity, we observed that L. johnsonii strain 456 could reduce inflammation and systemic
genotoxicity when inoculated into a DNA repair-deficient mouse model or wild-type mice raised
under conventional housing conditions. However, treatment with 456 increased radiation-
induced DNA-damage. Moreover, we observed that a restricted microflora, previously shown to
reduce systemic genotoxicity, was also associated with higher levels of radiation-induced DNA
damage. In light of these results, the genotoxicity-reducing effects of 456 and of specific gut
microflora compositions may depend on the conditions under which they are applied or
evaluated. The results of our study suggest that 456 may be beneficial as an oncoprotective
supplement but potentially harmful as a radiotherapy adjuvant. A larger study cohort with more
robust controls is needed to further confirm these contrasting effects as well as determine the

mechanisms by which they arise.

Comparative genome analysis can provide insights into probiotic function
Comparative genomics of L. johnsonii strain 456 opens potential avenues for
investigating its probiotic activity. Analysis of conserved L. johnsonii genes and core genomic
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regions among sequenced L. johnsonii strains demonstrated the genetic distinction of 456 from
other mouse isolates. Within the 456 genome, we also found genes exclusive to a subset of L.
johnsonii isolates or to the 456 genome alone that may alter attachment or interaction of this
strain with the host. As these conclusions are currently limited by the draft quality of the 456
genome and the small number of L. johnsonii genome sequences available for comparison,
additional sequencing of 456 and other L. johnsonii strains isolated from other hosts will be
needed to determine the host-specific adaptations and compatibility of strains from non-native

hosts.

Diversity and host interactions of P. acnes bacteriophages: microbiome structure may also
matter

By sequencing phage isolates from a cohort of healthy subjects and acne patients and
analyzing metagenomic sequencing data from healthy skin metagenomes, we found that P. acnes
phages are prevalent among the human population, and individuals that harbor phage populations
are often colonized by a single P. acnes phage strain. We also found that phage infection could
result in lysis, resistance, or pseudolysogeny in P. acnes hosts depending on the lineage of the
bacterial strains tested, suggesting that the combination of P. acnes lineages and phage strains
present in an individual’s skin microbiome may determine the overall response to phage-based
therapy. Further investigation is needed to better understand the role of phages in the
pathogenesis of P. acnes-associated diseases, for instance through correlation of phage
abundance with P. acnes strain composition, as well as through observing the direct ecological
effect of phages on P. acnes strain composition, which can be studied through in-vitro infections

of mock P. acnes populations with single or multiple phage strains.
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Phage dynamics: temporal stability and transmissibility of probiotic treatment

Further analysis of the skin metagenomes from healthy subjects and acne patients
confirmed our previous observations on phage diversity and revealed that phage populations
within an individual are temporally stable, with limited genetic change occurring within a phage
strain across time. However, in one subject, we also found metagenomic evidence of a phage
strain, potentially transmitted from related individuals, that became the dominant strain in the
phage population. These results suggest that while phage populations can remain genetically
stable for long durations, they are also subject to drastic changes due to, for instance, changes in

strain composition.

Characterizing the dynamics of phage populations remains a challenging but
therapeutically relevant goal. Approximately half of the subjects from our study cohort showed
evidence of harboring P. acnes phages based on metagenomic sequencing. Considering the
limited biomass of skin samples, extensive sampling of a large number of subjects is

recommended for investigating the ecology of these phage populations.
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ropionibacterium acnes is a bacterial species commonly found

on human skin. It has been linked to acne pathogenesis. The
P. acnes type strain ATCC6919 (also known as NCTC737 and
DSM1897) was isolated by A. F. Hayden from facial acne (1,2) and
has been a widely used lab strain since the early characterization of
P. acnes in the 1960s (2—4). As no genomic information was avail-
able for ATCC6919, we sequenced this type strain to better under-
stand its documented properties and its virulence potential.

Antibiotic-resistant P. acnes strains have been emerging since
the 1970s after antibiotics were introduced as one of the main
treatments for acne. We isolated a P. acnes strain, HL411PA1,
from the nose skin of an acne patient who reported no previous
antibiotic treatment for acne. However, HL411PA1 is resistant to
the major antibiotics used in acne treatment, including tetracycline
(MIC 48 ug/mL), erythromycin (MIC >256 ug/mL), and clindamy-
cin (MIC >256 ug/mL), but not minocycline (MIC 0.5 g/mL). This
finding supports previous evidence that antibiotic-resistant strains
can be transmitted between individuals (5, 6). We sequenced the ge-
nome of HL411PAL1 to determine whether this antibiotic-resistant
strain encodes novel virulence factors.

The genomes of ATCC6919 and HL411PA1 were sequenced
using Illumina MiSeq. The sequence reads were pair-ended with
250 nucleotides per read. Both genomes were assembled using
MIRA v3.2.1 (7) with manual inspections using Consed (8). Gene
annotation was performed using GeneMark HMM (9) and Glim-
mer 3.02 (10). Transfer RNAs (tRNAs) and transfer messenger
RNAs (tmRNAs) were predicted using Aragorn (11). The
ATCC6919 genome is 2,602,215 bp long (260 contigs, N5, of
50,832) with 60.1% G+ C content and 2,620 predicted open read-
ing frames (ORFs). The sequencing coverage is 72X. The
HL411PAI genome is 2,497,951 bp long (55 contigs, N, of
174,713) with 60.0% G+C content and 2,369 predicted ORFs.
The sequencing coverage is 118X.

The genomes of ATCC6919 and HL411PA1 are highly similar
to previously sequenced P. acnes genomes (6). ATCC6919 and
HL411PA1 both cluster with strains from clade IA-1 (12). Based

on the 16S rRNA sequences, ATCC6919 belongs to ribotype (RT)
1, a strain type that is prevalent in both acne patients and healthy
individuals (12). HL411PA1 belongs to RT5, a strain type associ-
ated with acne (12). However, the genome of HL411PA1 is atyp-
ical for RT5 in that it lacks any of the three loci found in RT5
strains (6, 12). These loci likely originated from mobile genetic
elements and encode putative virulence genes (13).

As ATCC6919 has been widely used in P. acnes-related studies,
its sequence will provide useful genomic context and insight for
both its documented and yet to be discovered properties. The
genome of HL411PA1 may contribute to future investigations of
antibiotic-resistant P. acnes strains in disease pathogenesis.

Nucleotide sequence accession numbers. The whole-genome
shotgun projects for ATCC6919 and HL411PA1 were deposited
at DDBJ/EMBL/GenBank under the accession numbers
JNHS00000000 and JNHT00000000, respectively.
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